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ADAPTIVE CODE GENERATOR FOR
SATELLITE NAVIGATION RECEIVERS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. application Ser.
No. 11/417,965, filed May 3, 2006 now U.S. Pat. No. 7,860,

1435, entitled “Adaptive Code Generator for Satellite Naviga-
tion Receivers,” which 1s hereby incorporated by reference in
its entirety.

FIELD OF THE INVENTION

The present invention relates generally to a global naviga-
tion satellite system (GNSS), and more specifically, to an
adaptive code generator for satellite navigation recervers.

BACKGROUND OF THE INVENTION

Receivers 1n a global navigation satellite system (GNSS),
such as the Global Positioning System (GPS), use range
measurements that are based on line-of-s1ght navigation sig-
nals broadcast from satellites. A receiver measures a time-oi-
arrival of one or more broadcast signals. This time-of-arrival
measurement includes a time measurement based upon a
coarse acquisition (C/A) coded portion of a signal, called
pseudo-range, and a phase measurement.

The navigation signals from satellites in a GNSS are broad-
cast on carrier signal frequencies and use one or more pseudo-
random codes. Navigation information, such as the pseudo-
range and/or the phase measurement, 1n the navigation
signals may be recovered 1n a recerver using correlation 1n a
code tracking loop. Correlation may de-spread an energy of
the navigation signals and thereby may de-modulate signals
encoded with one or more pseudo-random codes. The corre-
lation operation 1n eflect mixes a recerved navigation signal
from a satellite with a replica of the signal generated 1n the
receiver. Generation of the replica of the signal 1n the receiver
includes generating a corresponding pseudo-random code. If
a phase, carrier signal frequency and timing of the replica
signal substantially duplicate the received navigation signal
from the satellite, an output power 1s maximized. I1 there are
timing errors in the replica signal, the output power 1s reduced
if the timing of the pseudo-random code 1s 1n error by less
than one pseudo-random code bit, or 1s zero 1f the timing error
1s greater than or equal to the pseudo-random code bat.

There are, however, many different pseudo-random codes

corresponding to navigation signals from different satellites
in a GNSS (for those GNSSs that utilize code diversity mul-
tiple access methods to mitigate inter-satellite interference)
as well as different GNSSs. In order to recover a wide variety
ol navigation signals, the receiver often will have circuitry for
generating many different pseudo-random codes. This cir-
cuitry adds complexity and cost to the receiver. As a conse-
quence, there 1s a need for improved generation of pseudo-
random codes 1n GNSS receivers.

SUMMARY

A satellite navigation device including a recerver having an
adjustable code generator 1s described. The adjustable code
generator 1s configurable to generate a set of spread-spectrum
code signals. Each spread-spectrum code signal has a respec-
tive length corresponding to a repetition period. The set of
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2

spread-spectrum code signals includes first and second
spread-spectrum code signals having distinct first and second

lengths.

The adjustable code generator may include a feedback loop
and a programmable shiit register having a number of bits that
1s greater than or equal to a degree of a composite Galois
polynomial corresponding to the set of spread-spectrum code
signals. The number of bits in the programmable shiit register
may correspond to a largest sum of degrees of respective
polynomials that describe a respective spread-spectrum code
signal 1n the set of spread-spectrum code signals. The set of
polynomials may include irreducible Galois Field polynomi-
als and/or the set of spread-spectrum signals may include
maximal length sequences.

The feedback loop further may include a programmable
feedback mask and a feedback mask table. The feedback
mask table contains a set of feedback masks. A respective
teedback mask for a respective spread-spectrum code signal
may be a binary representation of a corresponding polyno-
mial.

In some embodiments, the feedback loop has multiple
input bits and a single output bit. The single output bit 1s
determined by an exclusive-or tree of the multiple 1input baits.
In some embodiments, the feedback loop has multiple input
bits and multiple output bits. Each of the multiple output bits
1s determined by an exclusive-or of an output bit from the
programmable shift register and a respective mput bit.

The adjustable code generator may include an 1mitial state
table. The initial state table contains a set of initial state
vectors. Each 1nitial state vector corresponds to mitial values
of the bits 1n the programmable shiit register corresponding to
at least one of the set of spread-spectrum signals.

The adjustable code generator may include control logic.
In some embodiments, the control logic determines when the
respective spread-spectrum signal generated using the adjust-
able code generator has reached the respective length and
starts the next code period by programming an 1nitial state
vector 1n the set of in1tial state vectors stored 1n the 1nitial state
vector table 1nto the programmable shift register. In some
embodiments, the control logic determines when the respec-
tive spread-spectrum signal generated using the adjustable
code generator has reached a termination condition and starts
the next code period by programming the 1nitial state vector in
the set of 1nitial state vectors stored 1n the 1nitial state vector
table 1into the programmable shiit register.

The adjustable code generator may also include a short
cycle state table. The short cycle state table contains a set of
short cycle state vectors and each short cycle state vector
corresponds to values of the bits in the programmable shift
register corresponding to at least one of the set of spread-
spectrum signals at a pre-determined fraction of the respec-
tive length. The control logic determines when the respective
spread-spectrum signal generated using the adjustable code
generator has reached the pre-determined fraction of the
respective length.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional objects and features of the invention will be
more readily apparent from the following detailed description
and appended claims when taken in conjunction with the
drawings.

FIG. 1 1s a diagram illustrating a global navigation satellite
system (GNSS) with direct-path signals and a multi-path
signal.

FIG. 2A 1s a block diagram 1illustrating components 1n a
channel 1n a GNSS receiver.
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FIG. 2B 1s a block diagram 1llustrating components in a
channel 1n a GNSS recever.

FIG. 3 1s a block diagram illustrating components 1n a
GNSS receiver.

FI1G. 4 1s a block diagram illustrating a coarse acquisition
(C/A) code generator.

FIG. 51s a block diagram 1illustrating a .2C code generator.

FIG. 6 1s a timing diagram 1illustrating time multiplexing of
L.2C codes.

FI1G. 7 1s a block diagram 1llustrating an L5 code generator.

FIG. 8 1s a block diagram illustrating a code generator.

FIG. 9 1s a timing diagram illustrating binary offset code
(BOC) square wave forms.

FIG. 10 1s a ttiming diagram 1llustrating BOC and quadra-
ture binary ofiset code (QBOC) square wave forms.

FIG. 11 1s a block diagram 1llustrating a code signal and
control signal generator.

FI1G. 12 1s a block diagram 1llustrating an embodiment of a
programmable code generator.

FI1G. 13 1s a block diagram 1llustrating an embodiment of a
programmable code generator.

FIG. 14 1s a block diagram illustrating components 1n a
GNSS recerver.

FIG. 15 1s a flow diagram illustrating a method of operating,
a programmable code generator 1n a GNSS receiver.

Like reference numerals refer to corresponding parts
throughout the several views of the drawings.

DESCRIPTION OF EMBODIMENTS

Retference will now be made in detail to embodiments,
examples of which are illustrated 1n the accompanying draw-
ings. In the following detailed description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the present invention. However, 1t will be apparent to
one of ordinary skill 1n the art that the present invention may
be practiced without these specific details. In other instances,
well-known methods, procedures, components, and circuits
have not been described 1n detail so as not to unnecessarily
obscure aspects of the embodiments.

A satellite navigation device including a receiver having at
least one configurable and/or adjustable code generator,
henceforth referred to as an adjustable code generator, 1s
described. In some embodiments, there 1s a single adjustable
code generator. In some embodiments, the adjustable code
generator 1s programmable. The adjustable code generator 1s
configurable to generate a set of pseudo-random code signals,
henceforth called spread-spectrum code signals. Each
spread-spectrum code signal has a respective length corre-
sponding to a repetition period. The set of spread-spectrum
code signals may include first and second spread-spectrum
code signals having distinct first and second lengths. In some
embodiments, the set of spread-spectrum code signals only
includes spread-spectrum code signals having a first length.
The adjustable code generator may be in a first domain having
a feedback loop with multiple input bits and a single output bat
or 1n a second domain having a feedback loop with multiple
input bits and multiple output bits. The adjustable code gen-
erator may reduce the complexity and/or cost of a receiver 1n
a GNSS.

In the embodiments of the satellite navigation device, navi-
gation 1s understood to nclude determiming a location or a
position, also known as position fixing. Navigation 1s to be
interpreted as determining where the satellite navigation
device 1s with respect to a frame of reference that 1s at least in
part provided by satellites 1n a GNSS. Navigation may also
determine a time at the satellite navigation device based, at
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4

least in part, on signals from one or more satellites in a GNSS.
GNSSs 1nclude, but are not limited to, a Global Positioning
System (GPS), a Global Orbiting Navigation Satellite System
(GLONASS), a GALILEO positioning system, a European
Geostationary Navigation Overlay System (EGNOS), a Wide
Area Augmentation System (WAAS), a Multifunctional
Transport Satellite-Based Augmentation System (MSAS), a
Quasi-Zenith Satellite System (QZSS), as well as a StarFire
Network from NavCom Technology, Inc.

With the exception of GLONASS, GNSS satellites use
code diversity multiple access (CDMA) methods to mitigate
inter-satellite interference. The non-GLONASS satellites
broadcast signals on carrier signal frequencies in an L-band
and use spread-spectrum code signals. The GLONASS sys-
tem uses frequency diversity multiple access (FDMA) to
provide inter-satellite interference protection. Each GLO-
NASS satellite uses the same spread-spectrum code. With the
exception of antipodal satellites, located 1n the same orbit on
opposite sides of the Earth, each satellite has its own fre-
quency band. Antipodal satellites may share the same fre-
quency band.

Using GPS as an example, satellites broadcast navigation
signals having a 1575.42 MHz L1 carrier signal frequency
and a 1227.6 MHz L2 carrier signal frequency. A third GPS
signal 1s planned for a 1176.45 MHz L5 carrier signal fre-
quency. The GALILEO system plans to provide signals at the
.1 and L35 (also called ESA) carrier signal frequencies and
additional signals at the 1207.14 MHz (E3B) and 1278.75
MHz (E6) carrier signal frequencies. GALILEO will also
provide additional signals with different spread-spectrum
codes having the L1 carnier signal frequency. The QZSS
system plans to provide GPS compatible signalsonthe L1, .2
and L5 carrier signal frequencies. QZSS also plans to provide
signals having an as-yet-undefined L6 carrier signal fre-
quency. Satellites in WAAS, EGNOS and MSAS provide
GPS-like signals having the L1 carrier signal frequency, and
plan to provide a second signal having the L5 carrier signal
frequency.

The StarFire Network, which functions at least partially as
a communications link, uses channels that are 840 Hz wide 1in
a Irequency band between 1525 and 1560 MHz. StarFire
Network transmits data at 1200 or 2400 coded bits per sec-
ond.

GLONASS broadcasts signals i the 1598.0635 to
1605.375 MHz (LL1) and 1242.9375 to 1248.625 MHz (L.2)
band of frequencies. The bands of frequencies of signals in
GLONASS overlap a high-end portion of corresponding
bands of frequencies of signals in GPS and GALILEO.

FIG. 1 illustrates a composite signal received by a device
110 in an embodiment of a GNSS 100. The composite signal
includes one or more signals 114 broadcast by one or more
satellites as well as a multi-path signal 116 that 1s retlected off
an object 112. As discussed above, the signals 114 each
contain at least one spread-spectrum signal corresponding to
at least one satellite.

FIG. 2A illustrates components in an embodiment of a
sub-channel circuit 200 1n a first channel 1n the recerver 1n the
device 110 (FIG. 1). The composite signal 1s receirved by a
front-end circuit including one or more antenna. Antenna
inputs may be amplified or unamplified (passive) and may
combine one or multiple frequencies per antenna connector 1n
a router in the front-end circuit. In embodiments with an
unamplified antenna or a long connector or cable between the
antenna and the router, the front-end circuit may include an
initial gain stage. At least a portion of the composite signal
210 1s routed to one or more channels. The channels each
include one or more sub-channel circuits, such as the sub-
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channel circuit 200. The sub-channel circuit 200 recerves a
respective frequency band 1n at least the one spread-spectrum
signal, corresponding to at least the first satellite, 1n at least
the portion of the composite signal 210.

The composite signal 210 1s coupled to a low loss filter 212
to reject signal images and out-of-band interference. The
signal may also be amplified 1n an amplifier (not shown)
and/or filtered 1 filter (not shown) before coupling to the
filter 212. In embodiments with the 1nitial low-noise amplifier
in the front-end electronics, this amplifying may be elimi-
nated. At least a portion of the signal 1s down converted to an
intermediate frequency (IF) using one or more modulators,
such as mixer 214. In some embodiments, the IF 1s common
in one or more additional sub-channel circuits. Down conver-
s10n 1n the mixer 214 mixes a first reference signal, having a
respective first carrier or local oscillator (LO) frequency, that
1s generated by a signal generator 218.

The firstreference signal may be generated based on one of
more clock signals, which may be generated by reference
oscillator 216. Each sub-channel circuit 1n the receiver has a
unique first LO frequency thereby allowing a respective sub-
channel circuit, such as sub-channel circuit 200, to receive a
respective frequency band 1n at least the one spread-spectrum
signal from the first satellite. The sub-channel circuits may
receive one or more of the clock signals from at least one
common reference oscillator 1n the recerver. In other embodi-
ments, there may not be the common reference oscillator. The
reference oscillator 216 may include one or more phase
locked loops, delay locked loops and/or interpolation circuits.

After down conversion, the signal at the IF 1s passed
through a high-quality filter 220, such as a surface acoustic
wave filter, that removes alias and interference signals and
reject out of band interference. The ligh-quality filter 220
may allow other filters 1n the channel 300, such as the front-
end pre-selection filtering, to be of lower precision, may
allow easier implementation of automatic gain control (AGC)
230 and may also allow fewer bits quantization 1n analog-to-
digital (A/D) converters 238. Filters in the sub-channel cir-
cuits, such as the filter 220, define a signal processing band-
width for the signal 1n the receiver. As a consequence, these
filters help define overall signal processing characteristics of
the recetver. In some embodiments, the filters, such as the
filter 220, may have a central frequency substantially equal to

the IF and a bandwidth greater than approximately a band-
width of the first satellite. In some embodiments, the band-
width (3 dB passband) of one or more of the filters, such as the
filter 220, may be greater than approximately 30 MHz
(double sided). In some embodiments, the bandwidth (3 dB
passband) of one or more of the filters, such as the filter 220,
may be within an inclusive range of approximately 30 to 32
MHz (double sided). In an exemplary embodiment, the filter
220 may be equivalent to 6 or more complex poles. For a
sub-channel corresponding to signals from the StarFire Net-
work, the filter 220 also may have a central frequency sub-
stantially equal to the IF. In this case, however, the bandwidth
of the filter 220 may be 200 kHz, since the signal in the
StarFire network uses a smaller bandwidth.

By ensuring that the bandwidth of the filters, such as the
filter 220, 1s at least slightly greater than filtering applied to
the broadcast signals by one or more of the GNSS satellites,
signal content will not be lost and as much out-of-band inter-
terence as possible 1s rejected. If the bandwidth of filters 1n
one or more of the satellites 1s increased in the future, the
bandwidth of one or more of the filters, such as the filter 220,
also may be increased, so that signal content will not be lost.
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This may enable improved correction of the multi-path signal
116 (FIG. 1) and/or improved tracking characteristics of the
recelver.

The signal 1n one or more sub-channel circuit, such as
sub-channel circuit 200, 1s converted to substantially near
baseband (zero frequency) using one or more modulators,
such as mixers 222. Down conversion in the mixers 222 mixes
second reference signals, each having a second carrier or LO
frequency and that are substantially in quadrature with one
another, that are provided by quadrature signal generator 224.
The second reference signal may be generated based on at
least one clock signal from the reference oscillator 216 and/or
the common reference oscillator. Substantially near baseband
may include frequencies substantially less than one-quarter
of a sampling rate in the A/D converters 238. In some embodi-
ments, substantially near baseband may include frequencies
less than approximately 100 kHz.

Down converting to substantially near baseband effec-
tively introduces an intentional Doppler frequency shiit. One
way to implement this 1s to set the carrier signal frequency of
at least the one clock signal such that 1t 1s about 40 parts per
million (PPM) too fast. This offset ensures that the in-phase I
and out-of-phase QQ samples from the A/D converters 238 all
have a positive apparent Doppler frequency shift, which sim-
plifies the design of signal generators, such as numerically
controlled oscillators (NCOs), 1in signal processing circuits
such as signal processor 242. The oflset also ensures that
digital sampling edges are randomly distributed with respect
to a timing of code bit edges 1n at least the one spread-
spectrum signal from at least the first satellite.

In an exemplary embodiment, the reference oscillator 216
has a nominal carrier signal frequency of 16.36864 MHz.
This1s 39.101 MHz or approximately 40 PPM larger than 1.6
times the GPS 10.23 MHz fundamental carrier signal fre-
quency. The carrier signal frequency of at least the one clock
signal from the reference oscillator 216 may vary over its
lifetime by another 10 PPM due to aging and/or temperature
variations. In other exemplary embodiments, the reference
oscillator 216 may include a temperature compensated crys-
tal oscillator (TCXO) and/or a voltage compensated crystal
oscillator (VCXO).

The frequencies of the IE, first LO and second LO may
preserve coherent relationships between code and carrier sig-
nal frequencies used by GNSS signals. For all GNSS signals,
there are a substantially integer number of carrier cycles per
code bit. Selected down-conversion Ifrequencies, 1.e., the
respective first LO frequency and the second LO frequency,
may preserve these relationships. Note that the relationships,
however, are not sensitive to Doppler frequency shiits caused
by satellite-recerver motion, reference signal and/or clock
signal errors 1n the satellite or recerver, and/or the intentional
Doppler frequency shift discussed above. As discussed
below, the receiver takes advantage of this property.

The IF and the second LO frequency may be substantially
identical multiples of a frequency of at least arespective clock
signal from the common reference oscillator 1n the receiver
and/or the reference oscillator 216. Neglecting sources of
Doppler (mentioned above), the sum of the two down-con-
version Irequencies, 1.e., the respective first LO frequency
and the second LO frequency, in each of the sub-channel
circuits may be substantially equal to a respective carrier
signal frequency, corresponding to the respective frequency
band, 1n at least the one spread-spectrum signal from the first
satellite. For example, the GPS L1 frequency band has a
nominal carrier signal frequency of 1575.42 MHz, which 1s
equal to 154-10.23 MHz. In embodiments where the recerver
200 uses a clock signal form the reference oscillator 216
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having a frequency of N,-10.23 MHz, a first and a second LO
are generated from this clock signal. The respective frequen-
cies of these LO may obey several relationships that isure
that the range measured by tracking the carrier frequency 1s
substantially the same as the range measured by tracking the

code. The carrier frequencies for each of the L-band signals
can also be expressed 1n the form N, 154. (N,=154 for L1,

120 for L2, 115 for L3, 118 for ESA and 125 for E6.). The
frequency of the first LO 1s created by multiplying the refer-
ence clock signal by A, 1.e., LO;,=A'N,-10.23 MHz. The
frequency of the second LO 1s substantially equal to the IF
and 1s created by multiplying the reference clock signal by B,
1.e., LO,=B-N,-10.23 MHz. Multipliers A and B are chosen
such that they obey the relationship s-(IN,—A‘N,)=B-N.,,
where s=1 for a low-side down conversion and s=-1 for a
high-side down conversion. For example, if the high-side first
down conversion 1s used to convert the L1 signal to an IF
equal to 13.7-10.23 MHz (=140.151 MHz), s 1s equal to -1
and B-N, 1sequal to 134+13.7 or 167.77. If the low-side down
conversion 1s used instead, s 1s equal to 1 and B-N; 1s equal to
154-13.77 or 140.3. A different multiplier A may be used for
cach of the GNSS frequencies. The same IF and multiplier B
may be used for all frequencies. Note that, 1n a sense, high-
side conversion produces an IF with a negative frequency, but
the filters 1n the recerver and subsequent down conversions
behave the same for positive and negative frequencies.

One or more sub-channel circuits for signals from the
StarFire Network may not use quadrature detection. The sec-
ond LO frequency may be adjusted in small, approximately
21 Hz, steps so that the second LO frequency matches a
central frequency of the StarFire communication channel. A
controller in the receiver, the first channel and/or one of the
sub-channel circuits, such as the sub-channel circuit 200, may
sequentially program signal generator 224 to approprate ire-
quencies corresponding to each possible StarFire band of
frequencies to determine 11 the respective signal 1s present.
Note that 1t may not be necessary to maintain special relation-
ships between the code and the carrier signal frequencies 1n
the StarFire signal processing, so there may be more freedom
in the selection of the respective first LO frequency and the
second LO frequency.

After down conversion to near baseband, the I and Q sig-
nals are coupled to low-pass filters 226 to remove unwanted
spectral components. The signals are amplified using gains in
AGC 230 and sampled and quantized in the A/D converters
238 to produce I and Q samples. The I and QQ samples are
processed 1n the signal processor 242. The signal processor
242 may use values stored 1n look-up table 244. AGC 230 and
the A/D converters 238 may be configured and/or adjusted by
control logic 234 using values stored 1n look-up table 236.
Configuring and/or adjusting of the AGC 230 and/or the A/D
converters 238 may include one or more gains of at least one
AGC 230 and/or one or more A/D quantization threshold
magnitude in the A/D converters 238. In an exemplary
embodiment, the gain of the AGC 230 may be determined at
a first non-zero quantization threshold magnitude such that a
probability of a non-zero sample or activity 1s substantially
%4. Using this gain, non-zero samples may be determined
using a second non-zero quantization threshold magmtude
that 1s substantially twice the first A/D quantization threshold
magnitude 1n order to improve anti-jamming performance of
the recerver. The recerver may also use a blanking circuitry to
improve performance 1n the presence of strong jamming sig-
nals.

In some embodiments, the IF, the first LO frequency and/or
the second LO frequency in one or more of the sub-channel
circuits, such as the sub-channel circuit 200, may be adjust-
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able and/or configurable. This 1s implemented by adjusting
and/or reconfiguring at least one signal generator, such as
signal generator 218 using the controller 1n the receiver, the
first sub-channel and/or one of the sub-channel circuits, such
as the sub-channel circuit 200. For example, the second LO
frequency in the reference signal from the quadrature signal
generator 224 may be adjusted 1n steps of a few hundred Hz.
When adapting or configuring the IF, at least one of the filter
220, the filters 226, the mixers 222 and/or the mixer 214 may
be adjusted or reconfigured.

By allowing the IF, the first LO frequency and/or the sec-
ond LO frequency to be configurable, the IF can be config-
ured to a value within an inclusive range of approximately
100 to 350 MHz. Embodiments where the IF, the first LO
frequency and/or the second LO frequency are adjustable
may allow one or more of the sub-channel circuits to be
dynamically configured to an IF with the inclusive range. A
configurable or adaptable IF offers additional design degrees
of freedom. These degrees of freedom may allow the IF 1n one
or more sub-channels to be changed to meet requirements of
components, such as filters 212, 220 and/or 226, signal gen-
crator 218, quadrature signal generator 224, and/or mixers
214 and 222. For example, 1f during a production lifetime of
the recetver, one or more components become obsolete or one
or more better components corresponding to a different IF
range become available, the IF may be changed by configur-
ing or adapting the first LO frequency and/or the second LO
frequency 1n one or more sub-channel circuit. In exemplary
embodiments, the IF may be 140, 160 and/or 200 MHz, since
these values may match the specifications of low-cost filters
and mixers that have been developed for cellular telephones.

In other embodiments, the sub-channel 200 may have
fewer or more components. Functions of two or more com-
ponents may be implemented 1n a single component. Alter-
natively, functions of some components may be implemented
in additional 1nstances of the components or in components
clsewhere 1n the recerver. While FIG. 2 A illustrates one sub-
channel circuit 200, in some embodiments there may be more
sub-channel circuits. In some embodiments, one or more of
the sub-channel circuits may not use quadrature detection and
sampling. Instead, the signal may be converted to near base-
band 1n one or more mixers using the second reference signal,
having the second carrier or LO frequency.

FIG. 2B 1llustrates an embodiment of a sub-channel circuit
260. Vertical line 262 corresponds to a detection circuit 246 1n
FIG. 2A. For proper performance of the sub-channel circuit
260, equal numbers of positive and negative A/D samples
from A/D converters 238 are desired. If the A/D samples do
not average to zero, they contain a bias, also called a DC bias,
that during a code correlation process (332 and 334 in FIG. 3)
will be converted to additional interfering noise, or, i the
DC-bias 1s larger than an auto-correlation protection pro-
vided by a respective spread-spectrum code, will appear as an
interfering satellite signal. DC-offset correction circuits 248
adjust the I and Q signals near baseband to reduce a DC bias
in one or both of these signals.

One approach for removing DC-bias 1s to average the A/D
samples for a period and subtract the resulting average from
the incoming A/D samples. This approach, however, may use
many bits ol precision in the de-biased A/D samples, and
consequently many bits of precision during signal processing
242. Other methods include hand or software calibration of
the DC-biases. These methods measure the DC-bias and
adjust A/D reference voltages or thresholds by manually
adjusting components 1n the sub-channel circuit 260 or pro-
viding a variable feedback voltage using a digital to analog
(D/A) converter. In some embodiments, counters coupled to
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opamps may be used to determine a number of positive and
negative samples from the A/D converters 238 and to adjust a
reference voltage such that there are equal numbers of posi-
tive and negative samples and a mean of the I and the Q)
samples 1s zero. The opamps and their associated feedback
circuitry are selected so that an integration time of pulses 1s
between 100 ms and 10 s.

The A/D converters 238 have several embodiments for
converting one or more GNSS signals from analog to digital
form. As 1s known 1n the art, a respective sampling rate equal
to or greater than a Nyquist rate 1s acceptable. In embodi-
ments where complex samples are used, the sampling rate
may be greater than or equal the bandwidth of the filters 226
(FIG. 2A). For example, for GPS signals the sampling rate
may be greater than 32 MHz. In other exemplary embodi-
ments, the sampling rate may be 40, 60 or 80 MHz. Since
power consumption and timing constraints during signal pro-
cessing increase in proportion to the sampling rate, a 40 MHz
sampling rate may be suitable for existing and planned GINSS
signals. If future, higher-bandwidth GNSS signals become
available, the bandwidth of the filters 226 and the sampling
rate of the A/D converters 238 may be increased accordingly
based on the new Nyquist rate.

In some embodiments, one or more sub-channel circuaits,
such as sub-channel circuit 260, 1n the first channel may be
configurable to output one or more digital signals having an
adjustable or configurable number of bits. The number of bits
may be 1, 2, 3, 4 or 3, including 1-bit (2-level) quantization,
2-bit (3-level or a s1ign and a magnitude, 1.e., 1, 0 and -1)
quantization, 2-bit (4-level) quantization and 3-bit (8-level)
quantization. In some embodiments, a larger number of bits
may be used. However, a complexity of an A/D converter,
such as the A/D converters 238 varies as a square of the
number of bits and there may be diminishing returns as the
number of bits 1s increased beyond 5. The number of bits may
be dynamically configured or adapted. The configuring and/
or adapting may be controlled by the controller 1n the recerver
and/or a controller 1n at least one of the sub-channel circuits,
such as sub-channel circuit 260. The A/D conversion may use
one or more mappings stored 1n a look-up table, such as the
look-up table 236. A respective mapping may be imple-
mented by the control logic 234. In embodiments where one
or more sub-channel circuits are configured to output digital
signals having 1 bit, one or more of the A/D converters 238
may be replaced with a comparator. In addition, 1n using 1-bit
quantization in A/D converters 238, feedback in AGC 230
may not be needed.

Since the information content of the StarFire Network
signal (1200 or 2400 bits per second) 1s much smaller than for
the GNSS signals, a lower sampling rate may be used, such as
38.4 kHz. This rate 1s 16 or 32 times the Nyquist rate and
tacilitates possible future increases 1 a broadcast data rate. It
also allows synchronization of data bit edges with asynchro-
nous digital samples without a significant loss of signal
power.

Samples from one or more sub-channel circuits, such as
sub-channel circuit 260, may be processed 1n signal processor
242. In some embodiments, more than one sub-channel may
couple samples to the signal processor 242. In some embodi-
ments, there may be more than one signal processor, and the
signal processor may be used cooperatively such that the
signal processors function as a single signal processor.
Samples from the respective sub-channel circuit, such as
sub-channel circuit 260, may be routed to more than one of
the signal processors.

Signal processing may be implemented 1n analog circuits,
digital circuits or a combination of analog and digital circuits.
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With the exception of the A/D converters 238, operations may
be performed using hardware, such as an application specific
integrated circuit (ASIC), software or a combination of hard-
ware and software.

FIG. 3 illustrates an embodiment of a signal processor 300,
such as the signal processor 242 (FIG. 2A). A/D converters
310 and 312 provide I and QQ samples, respectively. The A/D
converters 310 and 312 are a first port to the signal processing
circuit 300 for at least the respective sub-channel circuit.
Thus, the first port corresponds at least to the respective
sub-channel recerving data at a single carrier signal frequency
in the signal. There may be one or more additional ports from
additional sub-channel circuits coupled either to the signal
processing circuit 300 or additional 1nstances of the signal
processing circuit 300. In embodiments with a multi-fre-
quency antenna, a separate sub-channel and port may be used
for each carrier signal frequency 1n the signal. In embodi-
ments with multiple antennas, such as 1 an attitude determai-
nation system, a separate port may be needed for each carrier
signal frequency 1n the signals from each antenna.

The I and Q samples are coupled to 3-level converters 314,
which perform a mapping from a number of bits 1n the I and

Q samples to a sign and a magnitude. In some embodiments,
the 3-level converters 314 may be implemented using a circuit
or a look-up table, such as the look-up table 244 (FIG. 2A).
The samples are coupled to multiplexers 316 and 318, which
couple the remainder of the signal processing circuit 300 to at
least one of the ports.

Referring to FIG. 2A, the reference signals from the
quadrature signal generator 224 may not be exactly 90° out of
phase. If the signal 1s down converted to baseband, a phase
error or bias, and a corresponding signal processing loss,
results. As a consequence, conventional receivers typically do
not use quadrature detection and sampling as illustrated in
FIG. 2A. In addition, sampling and quantization 1s usually
typically not at baseband. Instead, sampling and quantization
may typically be performed at a residual IF, such as a quarter
of the sampling rate of an A/D converter, such as A/D con-
verters 238. By increasing the sampling rate of the A/D con-
verter and averaging samples, the residual bias may be
removed. In essence, the A/D converter 1n these conventional
receivers down converts the signal to baseband. However, the
resulting I and QQ samples are determined over a time 1nterval.
This may make correction of multi-path signals, such as the
multi-path signal 116 (FIG. 1), more difficult. There may also
be a power penalty associated with the increased sampling
rate of the A/D converter. In those conventional recervers that
implement a down conversion directly from radio frequencies
to near baseband, quadrature detection 1s usually not used.

In the recerver in device 110 (FIG. 1), the signal 1s down
converted to substantially near baseband and, as previously
described 1n the discussion of the sub-channel circuit 200,
may be sampled and quantized 1n quadrature. This detection
approach allows I and Q samples to be determined substan-
tially simultaneously. This, in turn, may allow improved cor-
rection of the multi-path signal 116 (FIG. 1) and lower power
consumption. There 1s, however, still the 1ssue of possible
residual bias associated with phase errors in the reference
signals from the quadrature signal generator 224. Down con-
verting to substantially near baseband offers a solution. As
noted previously, the resulting signal effectively has an inten-
tional Doppler frequency shift. A complex phase rotation may
be performed during signal processing 242 to correct for this
intentional Doppler frequency shift. In the process, the cor-
responding bias 1s substantially uniformly distributed over
0-360° and averages to zero.
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Referring back to FIG. 3, the complex rotation to correct
tor the residual bias and the intentional Doppler frequency
shift associated with down conversion to substantially near
baseband 1s performed 1n complex rotation circuit 326 (for
example, by forcing the Q samples to equal 0). As discussed
turther below, the complex rotation may be based on a value
in look-up table 324. The value 1s determined based on a
carrier signal generator or NCO 320, which 1s part of a carrier
or phase tracking loop that determines the intentional Dop-
pler frequency shiit to be corrected. At least the one spread-
spectrum code 1n the samples of the signal 1s de-modulated 1n
the correlators 332 and 334 based on a coder 330 and a code
signal generator or NCO 328, which 1s part of a code tracking
loop. The I and Q accumulations from the subchannel corr-
clators 332 and 334 are output at a measurement time to signal
processing software where the accumulations may be used to
compute feedback for the phase and code tracking loops.

As discussed previously, the correlation operations 1n
eifect mix the satellite signal embedded in the I and Q
samples with a replica of the signal generated by the respec-
tive channel. If the phase, frequency and timing of the replica
signal substantially duplicate those recerved from the satel-
lite, a power accumulated by the sub-channel correlators 332
and 334 1s maximized. I1 there are timing errors 1n the replica
signal, the power accumulated by the correlators 332 and 334
1s reduced 11 the timing of the code 1s 1n error by less than one
spread-spectrum code bit, or 1s zero if the error 1s greater than
or equal to a spread-spectrum code bit.

The rotation and correlation operations occur at the sample
rate, so there 1s very little SNR loss due to signal processing.
An order of the rotation and correlation operations 1s arbi-
trary. Therefore, 1n some embodiments, correlation may be
performed belore rotation, rotation may be pertormed before
correlation or the operations of rotation and correlation may
be combined 1nto a single operation. In an exemplary embodi-
ment, rotation 1s performed before correlation. This allows
one rotation per I and QQ sample pair to be performed. There
are, however, many possible correlations, including one set
per sub-channel.

As shown 1n FIG. 3, the I and QQ samples from one or more
sub-channel circuits, such as the sub-channel circuit 200
(FIG. 2A), are mixed with a carrier signal component of the
reference signal for the respective channel by the complex
rotation 326 of the I and Q) samples. Rotated samples I, and
Q. are generated using

[p=Icos(NCO)-O-sin({NCO)

Op=Isin(NCO)+Q-cos(NCO),

where NCO represents a value from the table 324 based on the
carrier NCO 320. The carrier NCO 320 maintains the phase of
the reference signal for the respective channel, such as the
first channel. In some embodiments, the phase of the refer-
ence signal or the carrier phase 1s integrated using a phase
accumulator. A carrier phase angle 1s assumed to be zero
when the phase accumulator 1s started for a respective chan-
nel at a respective reference oscillator clock edge. In actuality,
the phase 1s not zero at the start time, but the corresponding
tracking error will be reflected 1n the I and QQ samples. Carrier
phase tracking will correct the reference phase angle. Due to
the previously discussed intentional frequency offset of the
reference oscillator, there 1s an 1n1tial positive Doppler carrier
phase angle.

As discussed previously, there are a large number of carrier
signal frequencies and spread-spectrum codes being used or
planned for various GNSSs. A brief overview of various
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spread-spectrum codes proposed and/or used in different
GNSSs 1s provided below. Additional details are summarized
in the Appendix.

The GNSS satellites provide navigation signals that use
many different families of spread-spectrum codes. All of
these spread-spectrum codes, except a GPS P-code, are based
upon maximal sequence (M-sequence) spread-spectrum
codes of various lengths, 1n which a respective length defines
a repetition period for a respective spread-spectrum code. In
addition, several of the spread-spectrum codes have addi-
tional complexity.

The C/A code in the GPS SBAS and QZSS GNSSs 1s
broadcast on carrier signals having the L1 carrier signal ire-
quency. The GPS satellites reportedly have the ability to
broadcast C/A code on carrier signals having the L2 carrier
signal frequency instead of P(Y) but currently do not do so.
The C/A codes are defined (Navstar GPS ICD-GPS-200,
ARINC Research Corporation) as the exclusive-or of two
10-bit Galois Field maximal polynomials, 1.e., CA=G1G2,

where

G1=1+X"+Xx'°
and

G2=1+ X2+ X+ X+ X5+ X7 +.X10.

As 1llustrated 1n FIG. 4, generation of spread-spectrum
codes 1s often implemented using shift registers, such as shiit
registers 410. In embodiment 400, a power n of a respective X
variable in the Galois Field polynomials corresponds to a shift
register stage number that contains a feedback bit from n bit
times previous. Bit 10, the oldest bit, 1s an output of the shift
register 410. Each bit time the registers are right-shifted and
the exclusive-or 412 of selected bits (bit position 1s prior to
shift) 1s fed back into bit 1. An exclusive-or 418 of outputs
from the shift registers 410 produces an output 420, which 1s
a sequence corresponding to the C/A code.

For the C/A code, both of the shift registers 410 have an
initial state of all ones, 1.e., 3FF hexadecimal. Each of the shiit
registers 410 produces a different sequence of register values
that contains all 1023 unique 10-bit non-zero integers. Both
of the shift registers 410 automatically recycle to their mitial
state at the 1024™ code bit. Therefore, the C/A code has a
length of 1023 bits (2'°-1) or corresponding clock cycles.

An 1mtial state of G1 shiit register 410-1 1s synchronized
with a code edge of a GPS millisecond epoch. In some
embodiments, rather than taking the exclusive-or of specified
stages 1n the G2 shift register 410-2 (as described by the GPS
ICD 200) the mitial state of the G2 shiit register 410-2 may be
delayed with respect to the millisecond epoch by a different
number of code bits for each difierent satellite code (this 1s the
method used to define C/A codes in the SBAS GNSS). Using
either approach, the exclusive-or 418 of the shift registers 410
produces a unique C/A code for each satellite.

A delay of the G2 shift register 410-2 may be chosen such
that the resulting C/A code 420 has a balance between ones
and zeros (there are an odd number of bits 1n the sequences, so
there must be one extra O or 1 for each C/A code). Corre-
sponding cross correlation and autocorrelation side lobes of
the C/A codes are, therefore, minimized. This group of codes
1s called a Gold Code family. The GPS GNSS uses 37 Gold
Codes, called PRN 1 through 37/7. The first 32 of these codes
are used by the GPS satellites and the other 5 codes are
reserved for testing. The SBAS GNSS use different C/A
codes 1n the same Gold Code family for carrier signals having
the L1 carrier signal frequency from different satellites. These
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codes are defined as PRN 120 through 138. The QZSS GNSS
plans to use C/A codes for carrier signals having the L1
carrier signal frequency.

Satellites 1n the GPS GNSS also encode binary-shitt-key
(BPSK) data messages at 50 bits per second over the signals
encoded with the C/A code. These messages use a Hamming
parity check for error detection.

The GPS GNSS 15 1n the process of adding two new public
signals called L2CM and L2CL on carrier signals having the
L2 carrier signal frequency. The polynomial describing the

codes 1s

P=1+X+ X+ X+ X0+ X+ X e x B e e X9 X2 L 24y
X2/

An embodiment 500 of a shift register 510 implementing the
L.2C codes 1s illustrated 1n FIG. 5. Embodiment 500 differs
from embodiment 400 (FI1G. 4) 1n several ways. There 1s only
one 27/-state shift register 510, instead of two 10-bit shait
registers 410 (FIG. 4). The bits 1n shift register 510 are num-
bered from right-to-lett in order to correspond to the X-delays
in the polynomial. And for L2C feedback, an exclusive-or of
an output bit from the shiit register 510 1s taken with several
register bits (multiple-bit feedback as opposed to single-bit

teedback in FIG. 4).
L2CM (for civilian use, medium length code) and L2CL
(for civilian use, long length code) use a 0.5115 Mz code rate

and are 50% time multiplexed with each other. As illustrated
in embodiment 600 1n FIG. 6, an L2CM code signal 610 1s

broadcast the first half of each 0.5115 MHz clock and an
L.2CL code signal 612 1s broadcast in the second half of the
clock. The L2CM code signal 610 and the L.2CL code signals
612 arc combined using time domain multiple access
(TDMA) enable signal 614. The TDMA enable 614 alter-
nately selects the L2ZCM code signal 610 (M 1n FIG. 6) and the
L.2CL code signal 612 (L 1n FIG. 6). The TDMA enable 614
switches between the code signals 610 and 612 at a 1.023
MHz rate with a 50% duty cycle for each code producing L.2C
combined code signal 616. A bit-edge rate of the L2C com-
bined code signal 616 1s 1.023 MHz, and it alternates half bits
of the L2CM code signal 610 and the L2CL code signal 612.

The L2CM code has a length of 10230 bits and repeats
every 20 ms. The L2CL code has a length o1 7672350 bits long
and repeats every 1.5 seconds. Both codes are subsets of a
single M sequence having a length of 2%/-1 bits (greater than
134 mallion bits). The codes differ only by a state of the shiit
register 510 (FIG. 5) at a start of a code sequence. A unique
start state for each L2CM code and L2CL code 1s assigned for
every satellite (PRN number). Since the codes are only a
portion of the complete M-sequence, the sequence for the
[.2C combined code does not automatically repeat as 1s the
case for the C/A code. The L2C combined code must be
restarted by either detecting a final code state or counting an
appropriate number of code bits. At the start of each code
period, the shift register 510 (FIG. 5) 1s reset to the initial
state.

Data messages are also modulated onto the L2CM code
signals 610 at a rate of 25 bits per second. A rate 12, constraint
or run length 7 convolution code 1s used, so a symbol rate 1s 50
symbols per second. The L2CL code signal 612 1s not modu-
lated, 1.e., 1t does not contain additional data. As a conse-
quence, the L2CL signal 612 may be tracked with a phase
lock loop (such as used by the carrier NCO 320 1n FIG. 3),
rather than a Costas loop (a phase tracking loop where a sine
term I 1s normalized by a cosine term Q to track data bits),
which 1s often used with signals having modulated data mes-
sages. In some embodiments, the L2CL signal 612 may be
tracked with a Costas loop. A lock threshold 1s 6 dB better for
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the phase lock loop. The signal may also be coherently inte-
grated indefinitely to improve signal to noise 1 very weak
signal conditions. In contrast, data modulated signals can
only be coherently integrated for a length of a modulated data
symbol before a hard decision about the modulation 1s
required.

The GPS GNSS 1s also 1n the process of adding two new
public carrier signals having the L5 carrier signal frequency.
These two carrier signals are called X351 and X5Q and are
broadcast simultaneously using signals having the L5 carrier
signal frequency and including quad-phase shiit key modu-
lation (QPSK). X31I 1s modulated on in-phase portion of the
carrier signal and X3Q 1s modulated on the quadrature por-
tion of the carner signal. As illustrated in embodiment 700 in
FIG. 7, X3I and X5(Q) codes are generated from three 13-bit
shift registers, XA 710, XBI 714 and XBQ 718. The same
polynomial 1s used for XBI 714 and XBQ 718,

P =1 +X+ X+ X X0+ X+ X241,
XA 710 uses

Py =1+X7+X10ex 2 x5,

Single-bit feedback for each of the shiftregisters 710, 714 and
718 1s provided by exclusive-or 712. An exclusive-or 726 of
an output from shift registers 710 and 714 produces X31 728.
An exclusive-or 730 of an output from shift registers 710 and
718 produces X5Q 732.

Both X351 728 and X5Q 732 have a bit rate of 10.23 MHz
and have a length of 10230 bits or a 1 ms time period. Since
13-bit M-sequences only have a length of 2'°-1 bits (8191
bits), the X A shiftregister 710 1s short cycled back to its initial
state one bit early, when it reaches its 8190 bit, i.e., when the
XA shift register 710 1s equal to 1FFD hexadecimal. The XB
shift registers 714 and 718 are not short cycled which causes
a precession of the two codes. This, 1n eflect concatenates a
second M-sequence of length 2040 bits to the end of the first
8190 bit sequence. Both XB shiit registers 714 and 718 are
short cycled back to their initial state after the 102307 bit. The
short cycles can be implemented by counting bits or by com-
paring the registers to their known final states. In some
embodiments, therefore, one or more additional counters
(such as one counting to 8190 and/or one counting to 10230)
and/or one or more comparators (for example, comparing X A
and/or XB registers to final states) may be included. In
embodiment 700, a state of the X A shift register 710 1s tested
724 and 1f a condition 1s met (equal to 1FFD) an initial state of
1FFF hexadecimal 1s set 722. In other embodiments, the short
cycle may be implemented by counting bits. The 1nitial state
of the XB registers 714 and 718 1s different for the X3I and
X5Q) codes and on each different satellite.

The X351 signal 1s modulated with 100 symbols per second,
rate 12, constraint or run length 7 convolution code data. In
addition, the 1-ms time-period X51 code sequences are fur-
ther modulated with a 10-ms time-period (1 symbol period)
Neuman-Hoffman code that 1s equal to 035 hexadecimal for
a zero-symbol and 3CA hexadecimal for a one-symbol. The
Neuman-Hoffman code 1n effect lengthens the spread-spec-
trum code without a significant penalty during signal acqui-
s1tiomn.

The X3Q signal 1s also modulated with data, but the X3Q
code 1s lengthened by a superposition of a 20-ms time-period,
20-bit Neuman-Hoiiman code equal to 04D4FE hexadecimal
to improve the length of the spread-spectrum code without
significant additional cost to signal acquisition. The X3Q
code does not have additional modulation, 1.e., 1t does not
carry additional data. It can be tracked using phase lock
techniques, such as the phase lock loop, or with a Costas loop,
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which 1s often used for signals with modulated data. The
phase lock loop provides an additional 6 dB of lock threshold
sensitivity. The data-free codes can also be coherently inte-
grated indefinitely to improve signal acquisition in weak sig-
nal environments.

All satellites 1n the GLONASS GNSS use a common 9-bit
spread-spectrum code for their public codes on carrier signals
having either the L1 or the L2 carrnier signal frequency. Cur-
rently, only carrier signals having the L1 carrier signal fre-
quency are available to public users. GLONASS has
announced, however, plans to provided carrier signals having
the L2 carrier signal frequency that use the same code. In the
GLONASS GNSS, signal diversity 1s achieved by using
FDMA, 1.e., a different broadcast carrier signal frequency for
cach satellite. The polynomial for the GLONASS codes 1s

PX)=1+X°+X°.

FIG. 8 1llustrates an embodiment 800 of a shift register 810
with exclusive-or 812 providing a single-bit feedback for
generating this code.

The GLONASS code has a length of 511 bits long and
naturally restarts every 511 bits. The code rate 1s 0.511 MHz,
so the repetition rate 1s 1 ms. Fifty bits per second BPSK data
messages are modulated on the coded signals. A Manchester
modulation code 1s used for the data bits.

The GLONASS satellites use FDMA to prevent mutual
interference. Each satellite broadcasts signals using a carrier
signal having a different carrier signal frequency. Two satel-
lites that occupy the same orbit may share a frequency 1if they
occupy positions on the opposite sides on the Earth. The
GLONASS frequencies are numbered from -7 to 13. The
formula for each channel’s frequency in MHz 1s

L1,=1602+k-0.5625
and

L2,=1246+k0.4275,

where k ranges from -7 to 13. Until 2005 GLONASS plans to
only use frequency channels O through 13. (1602 to
1609.3125 MHz on L1 and 1246 to 1251.6875 MHz on L2)
Channels O and 13 are reserved for system testing. Starting 1n
20035, GLONASS plans to shift to lower frequencies and use
channels -7 to +6 (1598.0625 to 1605.375 MHz on L1 and
2142.0375101248.625 MHz on L2). Frequencies 5 and 6 will
be used for testing.

WASS, EGNOS and MSAS GNSSs currently provide
GPS-like C/A coded signals having the L1 carrier signal
frequency. Discussions are underway to add service on the
GPS L5 carrier signal frequency for WASS satellites, but the
codes have not been finalized.

Satellites 1n the SBAS GNSS modulate the C/A coded
signals with BPSK-encoded, 500-symbols-per-second data
messages. A rate V2, constraint or run length 7 convolution
code 1s used, so the data rate 1s 250 bits per second.

The QZSS GNSS plans to use 3 or more satellites with
highly elliptical orbits to insure that at least one of the satel-
lites 1s always visible at very high elevations in Japan. These
satellites will broadcast signals having the L1, L.2 and L5
carrier signal frequencies that are identical to the correspond-
ing GPS signals.

A fourth QZSS experimental signal 1s also planned for the
GALILEO E6 carrier signal frequency. A binary oifset code
BOC(14.,2) code 1s being considered, but the specifications
has not been finalized. BOC codes are discussed below.

The GALILEO GNSS (as well as some possible future
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binary offset codes (BOC) over the spread-spectrum codes.
GALILEO plans toprovide up to 10 signals having the L1, L5
(E5A and E5B) and E6 carrier signal frequencies. Some of the
signals will be available to the public, some will be pay foruse
and some will be reserved for authorized users. Definitions of

the codes used by GALILEO are not finalized. Some of
signals use BPSK or QPSK encoding like GPS and some of
them use BOC. A variety of code generation techniques are
being considered for Galileo signals including M sequence
spread spectrum codes and codes that can not be generated
algorithmically. The code-bit sequences of non-algorithmic
codes must be stored 1n the recerver’s memory and be recalled
bit-by-bit as signal correlation 1s performed.

BOC 1s the exclusive-or combination of a BPSK code and
a square wave. The classic Manchester modulation code 1s a
BOC code with one square wave cycle per BPSK data bat. It
has become customary to categorize the rates of the square
waves and BPSK codes used by the GNSSs with the notation
of BOC(A,B), where A 1s a number of square waves cycles
per 1.023 MHz period and B 1s a number of BPSK bits per
1.023 MHz period. The BOC codes that are being considered
by the various GNSSs include BOC(1,1) for the GALILEO
public signal having the L1 carrier signal frequency, BOC(10,
5) for the GPS military signals having the L1 and L2 carrier
signal frequencies, BOC(14,2) for the QZSS signal having
the L6 carrier signal frequency, BOC(135,X) for high-preci-
sion pay-lfor-use signals having the ESA and E5B carrier
signal frequencies and BOC(13,2.5) for the GALILEO Public
Regulatory (authorized use only) signal having the L1 carrier
signal frequency.

One reason that BOC codes are used 1s to minimize inter-
signal interference. For example, power spectra for GPS C/A
and P coded signals have a primary peak centered on the L1
carrier signal frequency and a null for frequencies on either
side at the code repetition rate (1.023 MHz for the C/A code
and 10.23 MHz for the P code). Small side lobes recur at the
code repetition rate. Superimposed square waves 1n BOC
codes split the signal power equally between two lobes that
are offset from a central carrier signal frequency by a repeti-
tion rate of the square wave. In the case of the GALILEO
BOC(1.1) code, the two BOC signal power peaks are dis-
placed by approximately 1 MHz from the carrier signal ire-
quency and there 1s a null at the central frequency. As a
consequence, the BOC signal power peaks lay directly over
the C/A code signal power nulls and the BOC null 1s coinci-
dent with the C/A code signal power peak. Thus, interference
between GPS and GALILEO signals 1s minimized.

BOC codes and tracking of the BOC codes use square
waves with several different phase relationships with respect
to a start of a BPSK bit edge. Four types of relative relation-
ships where a start of the square wave edge lags the start ol the
BPSK bit edge by 0, 90, 180 or 270° (1n a square wave cycle)
are the most common. These four possible phase relation-
ships are hencetorth referred to as [0011], [0110], [1100] and
[1001], where the ones and zeroes define a relative phase and
polarity of the BOC wave with respect to the BPSK bit edge.
FIG. 9 1llustrates an embodiment 900 of a timing diagram for
BOC(1,1). The discussion, however, 1s applicable to any BOC
code with an mteger number of square waves per BPSK bat.
Leading edges of [0011] square wave 912 and [1100] square
wave 914 are in phase with BPSK code edges 910. The [0011]
square wave 912 1s low for the first half of a square wave
period while the [1100] square wave 914 1s high for the first
half. [0110] square wave 916 and [1001] square wave 918 are
out of phase with the BPSK code edges 910 by one quarter of
the square wave period. The [0110] square wave 916 1s low
tfor the first quarter of the square wave period, high for a next
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half and low for a final quarter. The [1001] square wave 918
1s an 1nverse of the [0110] square wave 916.

The [0011] square wave 912 and the [1100] square wave
914 are “standard” BOC wavelorms. There 1s, however, no
strict convention for selecting one over the other and some
drafts of BOC code specifications for GNSS satellites have
neglected to define which one 1s to be used by the satellites.
BOC codes based on the [0110] square wave 916 and the
[01001] square wave 918 have also been called QBOC.

FIG. 10 illustrates an embodiment 1000 for combining a
BPSK code with a square wave to produce a BOC(A,B) code,
such as BOC(1,1) or BOC(2,2). BPSK code 1010 1llustrates
four bits of an A times 1.023 MHz BPSK coded signal. The
tour BPSK bits are 0-1-0-0. An exclusive-or of B times of a
1.023 MHz BPSK [1100] square wave 1012 with the BPSK
coded signal 1010 yields a BOC(A,B) coded signal 1014. An
exclusive-or of B times of a 1.023 MHz BPSK [1001] square
wave 1016 with the BPSK coded signal 1010 yields a QBOC
(A,B) coded signal 1018.

Referring to FIG. 3, as discussed previously the phase,
frequency and timing of the replica signal strongly intluence
the power accumulated by the correlators 332 and 334. The
code tracking loop attempts to maintain these relationships
between the replica of the signal and the recerved signal. FIG.
11 1llustrates an embodiment 1100 of the code NCO 328. A
code NCO rate 1110, 1s used as feedback to close the code
tracking loop and to control timing of the codes. The feedback
1s a sum of the code bit rate and the Doppler. Typically, the
code tracking loop 1s tightly aided by a relatively wide carrier
tracking loop. High frequency dynamics are tracked by the
wider carrier tracking loop. A narrower (less noisy) band-
width may be used for the code tracking loop. Any feedback
update rate slower than once per ms may be used for the code
NCOrate 1110. An appropriate update rate 1s a design param-
eter of the code tracking loop. For example, typical feedback
rates are equal to about Yio of the loop bandwidth. Faster
teedback rates increase processing load but may have little
aifect on loop performance. Feedback rates slower than 1o
the loop bandwidth may loose lock or increase loop noise
under dynamic conditions.

The code NCO 328 (FIG. 3) in the code tracking loop may
substantially maintain the phase of the replica code generated
in the receiver by integrating the code NCO rate 1110 using a
summer 1112 and a code phase accumulator 1114. In some
embodiments, the code NCO rate 1110 is the chip rate of the
code 1n the recerved signal. Timing and enable signals for
coder 330, which may generate BOC codes, QBOC codes,
time-multiplexed codes, the M-sequence spread-spectrum
codes, and/or may fetch non-algorithmic code bits from the
receiver’s memory, may be dertved from the code NCO 328.
For BOC codes, the code NCO rate 1110 1s a bit rate of the
square wave. A spread-spectrum code rate 1s obtained by
dividing this bit rate by divide by B 1124. For simple spread-
spectrum codes, the code NCO rate 1110 1s the code bit rate
and divide by B 1124 1s one.

Three primary control signals may be generated by the
Code NCO 328 (FIG. 3). These are half-chip enable 1146,
BOC 1148 and QBOC 1150. Hali-chip enable 1146 1s a
primary enable signal for the coder 330 and the sub-channels.
BOC 1148 and QBOC 1150 are the square waves for BOC
codes. BOC 1148 and QBOC 1150 may be mverted or dis-
abled using exclusive-or gates 1132 and/or 1134, and regis-
ters 1126, 1128 and 1130.

A relative timing of the BOC square waves and M-se-
quence spread-spectrum codes may be programmed using
divide by B 1124, which 1s the number of square waves per
M-sequence code bit. In exemplary embodiments, for non-
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BOC codes divide by B 1124 1s set to 1 and the BOC 1148 and
QBOC 1150 si1gnals are disabled. For BOC(1,1), BOC(2,2) or
BOC(10,10), divide by B 1124 is set to 1. For BOC(10,5),
divide by B 1124 1s set to 2. For BOC(135,2.5), divide by B
1124 15 set to 6. And for BOC(14,2), divide by B 1124 15 set
to 7. Together, the BOC square waves BOC 1148 and QBOC
1150 provide all 4 possible phases of the BOC square waves
(as 1llustrated 1n FIG. 9). BOC 1148 may be configured to be
either [0011] or [1100], while QBOC 11350 may be either
[0110] or[1001]. Accumulations from the correlators 332 and
334 (FI1G. 3) may also be configured to use either BOC 1148
or QBOC 1150 1n order to implement signal processing tech-
niques that use combinations of the BOC 1148 and QBOC
1150 square waves.

From the preceding discussion of the various spread-spec-
trum codes it 1s apparent that one or more coders, such as the
coder 330 (FI1G. 3), inthe recerver may be implemented 1n one
of two equivalent domains using shift registers. In the first
domain, illustrated 1n FIGS. 4, 7 and 8, a modulo-2 single-bit
teedback 1s implemented using an exclusive-or tree of mul-
tiple bits. This classic type of coder 1s referred to as a
Fibonacci configuration. In the second domain, illustrated 1n
FIG. 5, multiple feedback bits are used. Each feedback bit 1s
the exclusive-or of the output bit and individual bits 1n the
shift register. This type of coder 1s referred to as a Galois
configuration. Either domain or coder type may be used to
generate a given spread-spectrum code. An algorithm for
transforming from one domain to the other 1s described
below. This allows a single coder, such as the coder 330 (FIG.
3), to generate two or more of the spread-spectrum codes 1n
the receiver.

Each of the various spread-spectrum codes used 1n GNSS
signals are generated using one or two Galois Field polyno-
mials. The L2C codes (FIG. 5) and the code (FIG. 8) used in
the GLONASS GNSS use one polynomial and one shift reg-
ister. The other spread-spectrum codes use two polynomials
and create their code by taking the exclusive-or of two shift
register outputs. There 1s, however, a wide variation 1n a size
of the shift registers and the degree of Galois Field polyno-
mial that generate the spread-spectrum codes.

The GLONASS GNSS uses one 9-bit register 810 (FIG. 8).
In the GPS GNSS, the C/A code uses two 10-bit registers 410
(FIG. 4). The GPS L5 codes use two 13-bit registers 714 and
718 (FIG. 7) and the GPS L2C codes use a single 27-bit
register 310 (FIG. 5). As discussed previously, the GPS L5
code (FIG. 7) has a length of 10230 bats, but the Galois Field
polynomials and shift registers 710, 714 and 718 (FIG. 7)
generate a sequence that has a length of 8190. As a conse-
quence, 2040 bits from a second code of the same family are
appended starting at the 8191% bit to achieve the desired
length.

Coders for all of the presented codes except the GPS L2C
code use the Fibonacci configuration, with a single feedback
bit to a “voung” end of a given shiit register. In the various
examples ol these coders, the young end of the shift register 1s
on the left-hand side. In alternate embodiments, however, the
young end of the shift register may be on the right-hand side.
The feedback 1s created from the exclusive-or of several of the
shift register bits. A many 1mput exclusive-or 1n the coder 1s
used to implement these codes. In contrast, the coder for the
L.2C code uses feedback that is created by taking the exclu-
stve-or of the output bit and individual register bits. The
teedback occurs at several different bit places simultaneously.
Theretore, the L2C feedback 1s implemented with two-1nput,
one-output exclusive-or gates. The exclusive-or gate used 1n
the Galois configuration may be preferred to the many-input
form used 1n the Fibonacci configuration, especially for very
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high speed codes. Note that the young end 1n the shift register
510 (FIG. 5) for the L2C code 1s on the nght-hand side. In
alternate embodiments, however, the young end of the shiit
register for the L2C coder, and other coders using the Galois
configuration, may be on the left-hand side.

Galois Field polynomials that can not be factored produce
maximal length sequences. As a consequence, such polyno-
mials are also called irreducible or primitive polynomials.
The corresponding sequences are called maximal sequences
and the codes are also called M-codes. A non-repeating length
of the bit sequence is 2"¥-1, where N is the degree of the
polynomial. During generation of maximum length
sequence, a content of the shift register, when expressed as
N-bit integers, will take on all values from 1 to 27¥-1, if the
shift register 1s not short cycled.

Spread-spectrum codes created by taking the exclusive-or
of two maximal length sequences (like many spread-spec-
trum codes in GNSSs) may be expressed as a polynomuial that
1s a bit-wise multiplication (using modulo-2 addition, without
carriecs) of the polynomials for the two maximal length
sequences. The degree of the resultant polynomial 1s equal to
a sum of the degrees of the multiplied polynomials. Alterna-
tively, the degree of the resultant polynomial 1s equal to the
sum of the degrees of the multiplied polynomials. For
example, the C/A code 1s the exclusive-or of two codes
defined by polynomials of degree 10 (as shown 1n FIG. 10).
This spread-spectrum code may be implemented by a single
polynomial of degree 20. The combined polynomial does not
produce a maximum length bit sequence. It repeats after 1023
bits, just like the 10-bit C/A code polynomuials.

A method, which 1s henceforth referred to as a Cahn trans-
formation, for multiplying and combining polynomials is
provided below. The C/A spread-spectrum code for PRN-1 1s
used as an illustrative example of the operations 1n the pro-
cedure. The operations are presented 1n an order. Nonethe-
less, 1n some embodiments the order of two or more opera-
tions may be changed, additional operations may be added,
operations may be combined and/or operations may be
removed.

In an example of the Cahn transformation, the C/A poly-
nomials are expressed 1n binary form as N+1 bit integers with
the 1 in a right-most (lease significant bit) and X in bit-N
from the right. Reversing the order of the bits yields

G1=1+X>+X1°=10010000001
and

G2=1+ X2+ X+ X+ X5+ X% +X19=10110010111.

Multiplying the polynomials bit-wise, as 1n normal multipli-
cation but using exclusive-or (modulo 2) addition to add
columns (discard carries), yields

10110010111

10010000001
10110010111

10110010111

10110010111
101001001001000010111

Expressing the result in polynomial form, with the least sig-
nificant bit as X* and the left-most 1-bit is the 1 in the
polynomuial, yields

C/A polynomial=14+X+X°+ X5+ X 4+ X e X184 X124
X0,
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The bit sequence generated 1n this example repeats aiter 1023
bits, which 1s also the length of the C/A code G1 and G2
sequences. The imitial state of the shift register 1s a first N-bits
for a respective spread-spectrum code (the remaining bits are
zero). The first bit goes into the right-most bit of the shait
register. This bit corresponds to X". For the C/A spread-
spectrum code PRN-1, the first 20 bits ({rom right to left) are
(20th bit) 0010 1001 1100 0001 0011 (1% bit)=29C13 hexa-
decimal. The feedback bit for this new code form 1s con-
structed by taking the exclusive-or of all bits referenced by the
polynomial. The feedback bit 1s shifted into the “youngest™
bit on the left side of the shift register. For the C/A spread-
spectrum code, the feedback 1s the exclusive-or of the shift
register bits that correspond to non-zero polynomial X%
terms: X°, X°, X°®, XM X X'® X' and X*°.

Feedback is written back to the X' position.

Using this procedure, two or more, or all of the coders 1n
the recerver may be implemented with a single shift register.
The polynomial for the L2C code 1s already 1n the correct
form, but the appropriate feedback may be constructed based
upon the polynomaial as imndicated in the procedure.

In some embodiments, the procedure may be implemented
with the right-most bit 1n the shift register as the 1 bit and the
left-most bit as the X" bit.

Once all of the spread-spectrum codes are transtformed to a
single-register form, a single coder that 1s capable of 1mple-
menting two or more, or all of the GNSS spread-spectrum
code bit sequences may be implemented. An embodiment
1200 1llustrating such a coder 1s illustrated 1n FIG. 12. The
coder 1n embodiment 1200 may be adapted, configured and/
or programmed. Control logic 1224 selects a feedback poly-
nomial mask 1216 (which 1s a binary representation of the
code polynomial) for the spread-spectrum code to be gener-
ated from feedback polynomial mask table 1218. The feed-
back mask 1216 does not include the 1 in the corresponding
polynomial. Bits from N-bit shiit register 1210 and the feed-
back polynomial mask 1216 are combined bit-wise using a
tree of two-mput, one-output exclusive-or gates 1220 and
1222. The feedback bit 1s the exclusive-or of the N-bits of the
results. In this implementation, the exclusive-or tree has a
depth of approximately log,(IN)+2. The tree may have con-
siderable ripple-through delay before 1t settles to the correct
result. For spread-spectrum codes such as GPS L5, an 1nitial
state for the shiit register 1210 may be selected from 1nitial
state table 1212 using the control logic 1214. Output 1214
corresponds to the desired spread-spectrum code signal.

The feedback style 1n coders using the Galois configura-
tion, such as the L2C coder illustrated in F1G. 5, may be easier
to generalize and are subject to less ripple-through delay.
Embodiment 1300 in FIG. 13 illustrates a generalized coder.
The coder may be adapted, configured and/or programmed.
Depending on the spread-spectrum code of interest, control
logic 1320 may select an 1nitial state vector for shift register
1310 1n1mtial state vector table 1312, a short cycle initial state
vector for the shift register 1310 1n short cycle 1nitial state
vector table 1314 and/or a feedback polynomial mask 1316 in
teedback polynomial mask table 1318. Embodiments of the
programmable coder, which may be used as the coder 330
(FI1G. 3), may have the shift register 1310 with a number of
bits greater than or equal to the longest code polynomial or the
code polynomial with the highest degree. The GPS L2C code
has a polynomial corresponding to 27 bits. In some embodi-
ments, to accommodate longer codes, such as some of the
GALILEO codes, a 32-bit register may be used.

A programmable final state and a programmable short
cycle state may be determined using logic 1322 and/or 1324
in conjunction with a stored state of the shift register 1310,
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using registers or tables 1326 and/or 1328. In some embodi-
ments, the final state and/or short cycle state may be generated
using an implementation of an appropriate coder using either
hardware or software. In some embodiments, the final state
and/or short cycle state may be determined by counting a
number of code bits 1n output 1332 since the initial state and
comparing a count to a terminal count.

The final state logic 1322 1s used to create the code epoch
and code restart required for codes that don’t naturally
recycle. For example, the length of the GPS L2C and L5 codes
do not match the natural length of their component spread-
spectrum codes. When the final state 1s detected, the shift
register 1310 1s reset to the 1mitial state vector in the nitial
state vector table 1312.

The short cycle state logic 1324 1s used to implement
codes, such as the GPS L5 codes, that alter the state of the
code registers 1n the middle of their bit sequence. The short
cycle triggers the switch. When the short cycle state is
detected, the shift register 1310 i1s reset to the short cycle
initial state vector 1n the short cycle 1nitial state vector table
1314. Short cycles may be disabled by setting register 1328 to
a value, such as zero, that will never occur 1n the shift register
1310.

Programmable table or register values for defined GPS and
SBAS codes are listed 1n the Appendix. The values for the
final state register 1326 and the shortcycle register 1328 were
generated using a software simulation of the coders that
recorded the content of the shift register at the appropriate bit

number. The algorithm that was used to obtain the values of
the 1nitial state vector table or register 1312 was also used to
obtain the values of the short cycle mnitial state vector or
register 1314.

Feedback in embodiment 1300 of the programmable coder
1s performed by taking bit-wise exclusive-or of the feedback
polynomial mask 1316 with bits 1n shift register 1310 11 the
output bit 1330 1s 1. The feedback algorithm may be summa-
rized using pseudo-code as

if (X[0] = 0) {
X[i =0 to 30] = X[i + 1] © FEEDBACK]i];
X[31] = FEEDBACK/[31];

h
else {
X[i=0to 30] = X[i + 1]:
X[31] = 0;
|3

where X[1] represents a bit in the shaft register 1310.

In embodiment 1300, the bits of the feedback polynomial
mask 1316 are numbered from right to left (the opposite of
embodiment 1200 in FIG. 12). X' is placed into the right-
most (least significant) bit and X is in the left-most bit. The
1 from the corresponding polynomial 1s 1gnored again. In
some embodiments, the order of the most-significant and the
least-significant bits may be reversed.

In some embodiments, the 1nitial state of the shift register
1310 may be determined from the first N output bits of the
spread-spectrum code on the output 1332. These first N bits
may be taken from published tables, which may be stored in
initial state vector table 1312, or may be computed using an
implementation of the appropriate coder 1n either hardware or
software. The output code bits may be stored 1n a packed data
word O, and used as mput to the following algorithm. The
C/A spread-spectrum code for PRN-1 1s used as an 1llustrative
example for each operation in the procedure.

10

15

20

25

30

35

40

45

50

55

60

65

22

Initialize the itial state vector or register S and the shift
register X 1310 to zero. The algorithm will compute the bits
of the initial state register S. Initialize the feedback polyno-
mial mask or register F 1316 to the Galois Field feedback
polynomial for the desired code, numbering the bits right-to-
lett and 1gnoring the 1 1n the polynomial. Thus, S=0, X=0, the
teedback polynomial 1s

XOrxlPexttexte x P e X+ X741

and the corresponding feedback polynomial mask F 1s 1110
1000 0100 1001 0010 or E8492 hexadecimal. The output bits
O, 1332 for the C/A spread-spectrum code PRN 1, with first
bit on the right, are O,=0010 1001 1100 0001 0011=29C13
hexadecimal.

Set k=1. This 1s the next bit to be processed. The bits are
numbered 1 (the first output bit) to N. Set S, to the exclusive-
orolf O, and X,. Thus, O,=1 and S,=1 XOR 0=1. Shift X right
one bit, 1.e., X=00000 hexadecimal. If O,=1, set X to the
exclusive-or of X and F. Thus, X=X XOR F=00000 hexadeci-
mal XOR E8492 hexadecimal=E8492 hexadecimal. The
operations 1n this paragraph are repeated for k=2 to N, the
length of the polynomial. The operations for a few values of
k are illustrated below.

For k=2, the output bit O,=1. The least significant bit of X,
X,, equals 0. S,=X, XOR O,=0 XOR 1=1. Shifting X right
one bit yields X=74249 hexadecimal. Then, X=X XOR
F=74249 hexadecimal XOR E8492 hexadecimal=9C6DB
hexadecimal.

For k=3, the output b1t O,=0. The least significant bit of X,
Xgs €quals 1. S;=X, XOR O,=1 XOR 0=1. Shifting X right
one bit yields X=4E36D hexadecimal. The output bit equals 0
(there 1s no feedback).

For k=4, the output b1t O,=0. The least significant bit of X,
X, equals 1. S,=X, XOR O,=1 XOR 0=1. Shifting X right
one bit yields X=271B6 hexadecimal. The output bit equals 0
(there 1s no feedback).

For k=5, the output bit O.=1. The least significant bit of X,
X,, equals 0. S.=X, XOR O.=0 XOR 1=1. Shifting X right
one bit yields X=138DB hexadecimal. Then, X=X XOR
F=138DB hexadecimal XOR E8492 hexadecimal=FB(C49
hexadecimal.

For k=6, the output bit O,=0. The least significant bit of X,
X, equals 1. S.=X, XOR O,=0 XOR 1=1. Shifting X right
one bit yields X=7DE24 hexadecimal. The output bit equals 0
(there 1s no feedback).

For k=7, the output bit O,=0. The least significant bit of X,
X4, €quals 0. S,=X, XOR O,=0 XOR 0=0. Shifting X right
one bit yields X=3EF12 hexadecimal. The output bit equals 0
(there 1s no feedback).

For k=8, the output bit O,=0. The least significant bit of X,
X,, equals 0. S;=X, XOR O.=0 XOR 0=0. Shifting X right
one bit yields X=1F789 hexadecimal. The output bit equals 0
(there 1s no feedback).

The operations are repeated for bits 9 through 20, yielding
S=0ES3F hexadecimal for the C/A spread-spectrum code
PRN-1.

The embodiment 1300 of the programmable coder may
generate any of the spread-spectrum codes used by the public
GNSS satellite signals. While embodiment 1300 illustrates
the Galois configuration, 1n other embodiments an equivalent
Fibonacci configuration may be used. The Fibonacci configu-
ration, however, may result in an implementation that1s larger
and that utilizes more complicated circuitry to generalize
final states and short cycle states.

FIG. 15 illustrates an embodiment of operations in the
satellite navigation device. An adjustable code generator 1s
configured to generate a spread-spectrum code selected from
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a set ol spread-spectrum code signals (1510). The spread-
spectrum code signal 1s generated (1512). In some embodi-
ments, there may be fewer or additional operations, an order
ol the operations may be rearranged and/or two or more
operations may be combined.

FIG. 14 illustrates an embodiment of a device 1410, such as
the device 110 (FI1G. 1), 1n a global navigation satellite system
(GNSS). The device 1410 includes a front-end circuit 1412, a
signal processor 1414, such as signal processor 242 (FIG.
2A), at least one processor 1416 and a memory 1418. The
memory 1418, which may include high-speed random access
memory and may also include non-volatile memory, such as
one or more magnetic disk storage devices, EEPROM and/or
Flash EEPROM, includes an operating system 1420 and at
least one program module 1432, executed by processor 1416.
At least the one program module 1432 includes instructions
and/or files corresponding to circuits for AGC 1422, A/D
converter 1424, DC-Offset correction 1426, de-modulation
1428, phase rotation 1430, GNSS coder/decoder 1434 and
carrier and code lock 1442. The A/D converter 1424 may

include one or more quantization mappings. The phase rota-
tion 1430 may include sine/cosine look-up table. The GNSS
coder/decoder 1434 may include feedback polynomial masks
1436, nitial state vectors 1438 and short cycle initial state
vectors 1440. The program module 1432 may include
optional multi-path correction (such as a double-delta correc-
tion, a strobed correlator and a pulse-aperture correlator)
and/or a multi-path calculation. The program module 1432
may also include instructions for adjusting the IF, filters,
mixers and/or LO frequencies 1n one of more channels, such
as the first channel, and/or one or more sub-channel circuits,
such as the sub-channel circuit 200 (FIG. 2A). In some
embodiments there may be more than one processor 1416. In
other embodiments, the device 1410 may include an ASIC
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and some or all of the functionality of at least the one program
module 1432, executed by the processor 1416, may be imple-

mented 1n the ASIC.

While the programmable coder has been described 1n the
context of GNSSs, similar code generators and pseudo-ran-
dom sequence generators using shift registers are widely
used. It should be understood, theretfore, that the program-
mable coder, 1n either the Fibonacci or the Galois configura-
tions, may be mmplemented in other applications besides
GNSS receivers. In addition, the Cahn transformation may be
used to implement a pseudo-random code generator 1n either
the first domain or the second domain. Such a code generator
may be programmable or fixed.

The foregoing description, for purposes ol explanation,
used specific nomenclature to provide a thorough understand-
ing of the invention. However, 1t will be apparent to one
skilled 1n the art that the specific details are not required 1n
order to practice the mvention. The embodiments were cho-
sen and described 1n order to best explain the principles of the
ivention and its practical applications, to thereby enable
others skilled 1n the art to best utilize the ivention and vari-
ous embodiments with various modifications as are suited to
the particular use contemplated. Thus, the foregoing disclo-
sure 15 not intended to be exhaustive or to limit the invention
to the precise forms disclosed. Many modifications and varia-
tions are possible in view of the above teachings.

It 1s intended that the scope of the invention be defined by
the following claims and their equivalents.

APPENDIX

A summary ol characteristics of spread-spectrum codes
and carrier signal frequencies used 1n GNSSs 1s provided 1n

Table I. Specifications for the GALILEO GNSS and some of
the codes 1n the QZSS GNSS correspond to current proposals.

TABL.

(Ll

I

Characteristics of spread-spectrum codes and carrier signal frequencies in GNSSs.

GNSS

GPS
GPS

GPS

GPS

GPS

GPS

GPS
GALILEO
(PRS)
GALILEO
(0S, CS)
GALILEO
(0S, CS)
GALILEO
(0S, CS)
GALILEO
(0S, CS)
GALILEO
(0S, CS)
GALILEO
(0S, CS)
GALILEO
(PRS)
GALILEO
(CS)
GALILEO
(CS)
WAAS
WAAS
EGNOS

Frequency Code Data Code Rate
Band (MHz) Name Period Code (1.023 MHz)
L1 157542 C/A 1 ms BPSK 1
L1 157542 P(Y) 1 week BPSK 10
L2 1227.6  P(Y) 1 week BPSK 10
L2 1227.6 L2CM 20 ms FEC 0.5
L2 1227.6 L2CL 1.5 s None 0.5
L5 1176.45 15 1 ms, 10ms FEC 10
L5 1176.45 Q5> 1 ms, 20ms None 10
L1 157542 L1A TBD TBD TBD
L1 157542 L1B 4 ms FEC, BI 1
L1 157542 L1C 4 ms, 25 ms None 1
L3 1176.45 ESAI 1 ms, 20ms FEC, BI 10
(ESA)
L3 1176.45 E5AQ 1 ms, 100 ms None 10
(ESA)
ESB 1207.14 ESBI 1l ms, 4ms  FEC, BI 10
E53B 1207.14 E5SBQ 1 ms, 100 ms None 10
E6 1278.75 EO6A TBD TBD TBD
E6 1278.75 E6B 1 ms FEC, BI 5
E6 127875 E6C 2ms, 100 ms None 5
L1 157542 C/A 1 ms BPSK 1
L3 1176.45 TBD TBD TBD TBD
L1 157542 C/A 1 ms BPSK 1
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TABLE I-continued
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Characteristics of spread-spectrum codes and carrier siegnal frequencies in GNSSs.

Frequency Code Data Code Rate
GNSS Band (MHz) Name Period Code (1.023 MHz)
EGNOS L3 1176.45 TBD TBD TBD TBD
MSAS L1 157542 C/A 1 ms BPSK 1
MSAS L3 1176.45 TBD TBD TBD TBD
QZSS L1 157542 C/A 1 ms BPSK 1
QZSS L2 1227.6 L2CM 20 ms FEC 0.5
QZSS L2 1227.6 L2CL 1.5 s None 0.5
QZSS L3 1176.45 L3I 1 ms, 10ms FEC 10
QZSS L3 1176.45 L3Q 1 ms, 20 ms None 10
QZSS L6 1278.75 TBD TBD TBD TBD
GLONASS L1 1602to G 1 ms Manchester 0.4995
1609.3125
GLONASS L2 1246to G 1 ms None 0.4995
1251.6875

O8 = Open Service, CS = Encrypted Commercial Service, PRS = Encrypted Public Regulatory Service, FEC =
Forward error correction (Viterbi) and Bl = Block Interleave,

20
Values of in1tial states, final states, short cycle states and/or

short cycle 1nitial states for GPS and SBAS codes are listed 1n
Tables II-VI. There 1s a table for each code type. The values
may be used with the programmable coder 1310 (FIG. 13).

TABLE II-continued

Initial state, final state, short cycle state and short cycle
initial state values for the C/A Gold code family. The corresponding

feedback value is 000E8492 hexadecimal.

The corresponding feedback polynomial mask 1316 (FIG. 3) ,4

1s the same for all the codes of the same type and 1s given 1n Short Cycle
the caption of each table. Cells with a 0 indicate parameters Iﬂltiﬂlftﬂﬁe 1 Flﬂﬂcll St.ﬂtel Shﬂl‘; C}’Clel hlltlﬂ; SFE‘Iﬂl
that are not needed for that particular code. These parameters PRN (Hexadecumal)  (Hexadecimal)  (Hexadecimal)  (Hexadecimal)
may be 1nitialized to zero. 36 0003E3FF 0 0 0
30 37 O00FCR93 0 0 0
120 000A976E 0 0 0
1ABLE 1] 121 0002B302 0 0 0
Initial state, final state, short cycle state and short cycle ;g gggg{;ﬁgz g g g
initial state values for the C/A Gold code family. The corresponding 1“2 4 000RIBDK 0 0 0
feedback value 1s 000E8492 hexadecimal. N 175 OO0RE5F6 0 0 0
126 0005F240 0 0 0
3 | Short Cycle 127 000C17D5 0 0 0
Initial State Final State Short Cycle Initial State ,
PRN (Hexadecimal Hexadecimal) (Hexadecimal Hexadecimal 128 00U10A44 v v v
(Hexadecimal)  (Hexadecimal) (Hexadecimal) (Hexadecimal) 199 000TRE4D 0 0 0
1 0000ES53F 0 0 0 130 0006290F 0 0 0
5 O0001E75R 0 0 0 131 00059691 0 0 0
3 0003D393 0 0 0 40 132 00055721 0 0 0
A 00079A03 0 0 0 133 0009A9DO 0 0 0
5 0007E2ED 0 0 0 134 00091C95 0 0 0
6 OOOFERFE 0 0 0 135 000AE792 0 0 0
7 0003EBED 0 0 0 13600044543 0 0 0
8  0007EAFF 0 0 0 137 000B3446 X X X
10 000004C7 0 0 0
11 000034AB 0 0 0
12 000095C3 0 0 0
13 000116A3 0 0 0 TABRLE 111
14 00021063 0 0 0
15 00041DE3 0 0 0 50 Initial state, final state, short cycle state and short
16 000806L3 0 0 0 cycle initial state values for the X5I code famuly. The
17 00002C9D 0 0 0 corresponding feedback value 1s 02C11DED hexadecimal.
18 0000641F 0 0 0
19 O0000F51B 0 0 0 Short Cycle
20 0001D713 O 0 0 Initial State Final State Short Cycle Initial State
21 00039303 0 0 0 55 PRN (Hexadecimal) (Hexadecimal) (Hexadecimal) (Hexadecimal)
22 00071B23 0 0 0
23 00000CD5 0 0 0 1  O0E22805 0325B312 0388A014 027D0BD1
24 0000D353 0 0 0 2 03B3132E 013AA9DB 004A00D5 015D465C
25 00019783 0 0 0 3 02A88F91 02111030 01A649F2 036A7F22
26 00031223 0 0 0 4 02F9AO0F3 010D42D0 O0E2F47A 03CR21E6
27 00061963 0 0 0 60 5 0013D3B8 O08E33E4 004F4EE0 039EFCAB
28 O000COFE3 0 0 0 6 O01A2E9B7 0169D4A6 03099D07 O0FCREBS5
29 0000ED2D 0 0 0 7 029BI18A0 02DF7AFS5 01681536 030D5140
30 O0001E77F 0 0 0 8 0172A1C5 008RIFCH 0048BCCF 015C1851
31 0O003F3DB 0 0 0 9 0079C99C 02E23B95 O01E72670 034AC8E3
32 0007DA93 0 0 0 10 02F590BB 015103F7 00D2355A 03D04176
33 000F8803 0 0 0 11 02177DF7 0395112C 0359806 A 02159BEE
34 O000FCR93 0 0 0 63 12 01C4F5DA 031E3252 0291ECB3 0030BO6F
35 O0001EF6D 0 0 0 13 02CBO0O5CD 02281B6B 00286082 03AD6B9A
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Initial state, final state, short cycle state and short
cycle initial state values for the X351 code famuly. The
corresponding feedback value 1s 02C11DED hexadecimal.

Short Cycle
Initial State Final State Short Cycle Initial State
PRN (Hexadecimal) (Hexadecimal) (Hexadecimal) (Hexadecimal)
14 02B7A928 0322C33A 01DAD316 03543250
15 O00ECA457 0033119A 03B2915C 02601375
16 OOE31A0A 00CER06C 038C6828 027F6FCF
17 02E9BAILO 01154E42 00A29FF6 03E81420
18 019800FB 02ABAC63 03E23837 00895A2D
19 02EC1A20 031C0C4F 00B41F36 03E35440
20 03C36186 01352187 018BCAT7T5 01BDA30C
21 01109B91 028CE98D 01CO559F 01986CFE9
22 01A26BBO OOBFYACE 030B951B OOFD8CBB
23 01F2C2DB O1ID91ASA 024930B7 005CDE6D
24 01B40575 02C7F460 03522EOF 00D15131
25 00957086 022E354E 0255C218%8 0293BAD7
26 024346A3 0311E00D 02096D3A 02BDED46
27 011787BB 03CF482F 01DC2537 019654AD
28 02A0C3E3 02F6314E 0187783 A 037AET7C6
29 01A207B2 0030C38C 030A2513 O0FD34BF
30 00621118 02BCC6AS 01884460 037D79EB
31 00050978 0367BCR0O 001425EC 03B3492D
32 O02DE671A 0127EB7C 007DEBDE 0387ALE34
33 010BC112 03045ADE 01AD3F93 01 AED9FF
34 O01F2F4DA 019EB33%8 0249E8B3 005CB26F
35 035BRCOD 018537BF O03ER7C59 O08CT781A
36 024B0OADI1 03F6C173 02285CF2 02AD75A2
37 00B16379 026DBCDS5 02C58DE4 02DB9D29
TABLE IV

initial state values for the X5Q Gold code family. The corresponding

Initial state, final state, short cycle state and short cycle

feedback value 1s 02C11DED hexadecimal.

Short Cycle
Initial State Final State Short Cycle Initial State
PRN (Hexadecimal) (Hexadecimal) (Hexadecimal) (Hexadecimal)
1 02C325BD 02406551 0008E142 03BD2B7A
2 01529403 O0OB8REE2 00CR6BD7 011C73DD
3 03E38C44 001B862B 01087D7D O1FC7888
4 01494C8R7 O0E67BDF 00A709C7 012BC2D53
5 OOFE34AF 03265105 03F8D2BC 02453285
6 O1FAD4AA 01F6CBO02 02696973 004CFEF28F
7 02ESD612 019A1106 00A32FFE O03ERCC24
& 00095531 03B4A2E3 002554C4 03ABF1B9
9 02FA42FA4 0123CD45 OOED7C26 03CFES5CS
10 0189F013 00462D07 03ASFB97 O0AABBFD
11 O176EBFE 0074503D 00599423 01548C27
12 012168BE 0016DEGF 01079923 O1FB8AAT
13 013CARIE 02A71E2C 01709BA3 01COOBE7
14 015F4E40 02114A33 OOFF02DB 0107C75B
15 O1E5AR10 O00DEREE 02149B9B 00720BFB
16 007081E0 01A9R637 01C20780 03585818
17 022708D1 0375F47C 039854F2 027571A2
18 003A2CO05 0223D90C OOE8BO14 03CDO03D1
19 0020AARC 01194808 0082AA30 O03F80EC3
20 OOF9AAR2 03B3BECS 03E6AAOS 024A0EDF
21 033F7679 0070C202 027B9589 00458CF2
22 0213B5CB 02BF90B9 034AA09A 021C0OB96
23 013BD836 036BEOCA 016D5B03 O1CEEBB7
24 017AB7B4 00A74ESE 0068ES0B 014C34B3
25 02CB33CC 026FB4C9 0028B8&6 03ADO798
26 00105DAD 002FE335 004176B4 0399E081
27 O017AEDB7 006FBEBS 00698D0O7 014C80B5
28 0368413F 0183AD9C 03274891 OOEBE27E
29 0265B345 00DO7ADFE 0292BAA2 02F0068A
30 0339EC3A 0349B112 0261FDO05 0043B&8B4
31 O012A28DE O18661AE 012A98A3 O1EDOAG67
32 0209DD47 00DC1094 032302AA 0228DASE
33 O03FE7AES 02EDESCA 017FATE9 01C795CA
34 O012E62E5 017AAESS 013BB0O4F O1E59E11

10

15

20

25

30

35

40

45

50

55

60

65

28
TABLE IV-continued

Initial state, final state, short cycle state and short cycle
initial state values for the X5Q Gold code family. The corresponding

feedback value is 02C11DED hexadecimal.

PRN

35
36
37

Initial State

(Hexadecimal)

00323A74
0004E370
03E5F862

Short Cycle
Final State Short Cycle Initial State
(Hexadecimal) (Hexadecimal) (Hexadecimal)
020C0894 O00CRESDO 03DD2F33
01923176 00138DCO 03B0O9D3B
027BE411 0111 ADE5S 01F090C4
TABLE 'V

Initial state, final state, short cycle state and short
cycle nitial state values for the L2CM code famuly. The
corresponding feedback value 1s 0494953C hexadecimal.

PRN

O 00 ~d N I I LR — OO 00 ~d O B L) RO

N N ™ I S O s B T I S S S S e L
-1 Oy b B = O S0 - Oy B D

Initial State

(Hexadecimal)

078A1FB4
O7BR1X1ID
000BCLE64
00D96BD4
06060739
070D35DB
0152903%
063DYCF1
009EC391
076C3226
072E9465
00523F&6
00456803
02635AE9
00059900
02482346
05816816
0216A3C5
00D02464
0140E2BC
00902758
0753CRD7
0097CT7EF
07850380
0701785C
00214EB1
072E3725
077DART2
03272F1C
07225407
074A6458
O0AOF4R8B
050357C3
07B47F1E
017B9EF1
07BB7B2B
04768C4A

Short Cycle
Final State Short Cycle Initial State
(Hexadecimal)  (Hexadecimal) (Hexadecimal)
05AAECO2 0 0
00724A1C 0 0
074E47C9 0 0
0525240B 0 0
04CC5ARB 0 0
06DC4954 0 0
06A9A5AB 0 0
051786E4 0 0
054185FD 0 0
02910B46 0 0
0278LFR02 0 0
06B18B39 0 0
04747179 0 0
066232A9 0 0
0270470F 0 0
0576C1ES 0 0
008C5DDC 0 0
07658843 0 0
0428A045 0 0
03D73C49 0 0
O18DASAF 0 0
0123ED32 0 0
060A0AR3 0 0
OIFFBBAR 0 0
0660FF70 0 0
06ALE6E47 0 0
041 AFD98 0 0
0247FE40 0 0
O7ED6DBB 0 0
010011C%¥ 0 0
04643E5A 0 0
0650AF3D 0 0
01B3280A 0 0
02F73DE2 0 0
0691C36E 0 0
053161B2 0 0
016E83B8 0 0
TABLE VI

Initial state, final state, short cycle state and short
cycle mitial state values for the L2CL code family. The
corresponding feedback value 1s 0494953C hexadecumnal.

PRN

A 5 T N S T N T

Initial State

(Hexadecimal)

0650CBLEA
051B10F2
0241E00E
07220C44
0004C6LE5

Short Cycle
Final State Short Cycle Initial State
(Hexadecimal)  (Hexadecimal) (Hexadecimal)
02DFAS9LE 0 0
01DE9C36 0 0
O7E7DDO3 0 0
009D05%94 0 0
OOABFI11B 0 0
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TABLE VI-continued

Initial state, final state, short cycle state and short
cycle initial state values for the L2CL code family. The
corresponding feedback value 1s 0494953C hexadecimal.

Short Cycle
Initial State Final State Short Cycle Initial State
PRN (Hexadecimal) (Hexadecimal) (Hexadecimal) (Hexadecimal)

6 00AC26D6 07C7C7B5 0 0

7 06AAA2BE 016C1BD6 0 0

& 0218A9FF 06231349 0 0

9 0036E6FC 03A8DOD3 0 0
10 05C6A43E 00AS6C26 0 0
11 004CE7355 031712FB 0 0
12 013FFD28 05137DFB 0 0
13 061A9CED 02EAFS59C 0 0
14 OO00C3EE3 0765A1F9 0 0
15 009A9B75 0665AD73 0 0
16 06E69391 02669CFO 0 0
17 06160490 0061EEF6 0 0
18 OO00AFCR7 072ECT78B 0 0
19 0554E729 026 B79AC 0 0
20 02DAAFFS 0687B66D 0 0
21 O001BE1C3 0760AAES 0 0
22 0506796E 00019C3C 0 0
23 078FCF23 O1E5978C 0 0
24 0636BYD6 0006A7B2 0 0
25 07CF2310 004ESEAR 0 0
26 0743AF3C 0363B6AC 0 0
27 0702A223 06345BD6 0 0
28 024ALFEEB3 04FAAR31 0 0
29 O016BEAC4 06086C19 0 0
30 0799B4A5 002A1556 0 0
31 01098136 0714C941 0 0
32 02B333CE 0635F679 0 0
33 047F63C1 00873FB4 0 0
34 073C4EC2 01008EB4 0 0
35 024B188&7 067153D3 0 0
36 05C4A6C7T 02BC141A 0 0
37 02839638 070F8513 0 0

What is claimed 1s:

1. An adjustable code generator configured to generate a
selected spread-spectrum code signal of a plurality of spread-
spectrum code signals, comprising;:

a feedback polynomial mask table stored i a non-transi-
tory computer readable storage medium and configured
to 1nclude a plurality of feedback polynomial masks,
wherein each feedback polynomial mask corresponds to

10

15

20

25

30

35

40

a respective spread spectrum code of a plurality of 45

spread-spectrum codes;

control logic configured to select a respective one of the
plurality of feedback polynomial masks in the feedback
polynomial mask table corresponding to the selected
spread-spectrum code signal;

teedback logic configured to generate feedback using the

selected feedback polynomial mask; and

a shift register configured to provide, at an output of the

shift register, the selected spread-spectrum code signal
using the selected feedback polynomial mask, and con-
figured to receive feedback generated by the feedback
logic,

wherein the feedback logic 1s configured to generate the

feedback by taking a bit-wise XOR of bits from the shiit
register and the feedback polynomial mask when an
output bit of the shiit register equals 1.

2. The adjustable code generator of claim 1, wherein each
teedback polynomial mask comprises a binary representation
of a feedback polynomial corresponding to a respective one
of the plurality of spread-spectrum codes.

3. The adjustable code generator of claim 2, wherein the
shift register comprises a number of bits greater than or equal
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to a degree of a highest-degree feedback polynomial corre-
sponding to a respective spread-spectrum code of the plural-
ity of spread-spectrum codes.

4. The adjustable code generator of claim 1, wherein the
teedback logic comprises a tree of exclusive-OR (XOR) gates
configured to perform a bit-wise combination of bits from the
shift register and the feedback polynomial mask selected by
the control logic.

5. The adjustable code generator of claim 4, wherein the
XOR gates are two-1nput, one-output XOR gates.

6. The adjustable code generator of claim 1, further com-
prising a feedback polynomial mask register, coupled to the
teedback polynomial mask table and the shiit register, and
configured to store the feedback polynomial mask selected by
the control logic.

7. The adjustable code generator of claim 6, wherein the
feedback polynomial mask register 1s coupled to the shait
register through the feedback logic.

8. The adjustable code generator of claim 1, further com-
prising an initial state vector table, coupled to the shift register
and the control logic, and configured to store at least a plu-
rality of imitial state vectors for the shift register, wherein each
initial state vector corresponds to a respective spread-spec-
trum code signal and 1s for loading 1nto the shift register at the
start ol a code generation period for the respective spread-
spectrum code signal, and wherein the control logic 1s turther
configured to select an 1nitial state vector from the initial state
vector table.

9. The adjustable code generator of claim 1, further com-
prising {inal state logic configured to determine a final state of
a respective spread-spectrum code signal provided by the
output of the shift register.

10. The adjustable code generator of claim 9, wherein the
final state logic 1s configured to detect that a count of bits 1n
the respective spread-spectrum code signal has reached a
terminal count.

11. The adjustable code generator of claim 1, wherein the
plurality of spread-spectrum codes comprises a plurality of
Gold codes.

12. The adjustable code generator of claim 1, wherein the
plurality of spread-spectrum codes comprises a plurality of
global navigation satellite system (GNSS) spread-spectrum
codes 1n a GNSS, respective codes of the plurality corre-
sponding to respective satellites 1in the GNSS.

13. An adjustable code generator configured to generate a
selected spread-spectrum code signal of a plurality of spread-
spectrum code signals, comprising;:

a feedback polynomial mask table stored in a non-transi-
tory computer readable storage medium and configured
to 1mclude a plurality of feedback polynomial masks,
wherein each feedback polynomial mask corresponds to
a respective spread spectrum code of a plurality of
spread-spectrum codes;

control logic configured to select a respective one of the
plurality of feedback polynomial masks in the feedback
polynomial mask table corresponding to the selected
spread-spectrum code signal;

teedback logic configured to generate feedback using the
selected feedback polynomial mask;

a shift register configured to provide, at an output of the
shift register, the selected spread-spectrum code signal
using the selected feedback polynomial mask, and con-
figured to recerve feedback generated by the feedback
logic; and

final state logic configured to determine a final state of
selected spread-spectrum code signal provided by the
output of the shift register;
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wherein the selected spread-spectrum code signal provided
by the output of the shift register does not naturally
repeat, and

wherein the final state logic 1s configured to restart genera-
tion of the selected spread-spectrum code signal atter the
selected spread-spectrum code signal reaches the final
state.

14. An adjustable code generator configured to generate a
selected spread-spectrum code signal of a plurality of spread-
spectrum code signals, comprising;:

a feedback polynomial mask table stored 1n a non-transi-
tory computer readable storage medium and configured
to 1mclude a plurality of feedback polynomaial masks,
wherein each feedback polynomial mask corresponds to
a respective spread spectrum code of a plurality of
spread-spectrum codes;

control logic configured to select a respective one of the
plurality of feedback polynomial masks in the feedback
polynomial mask table corresponding to the selected
spread-spectrum code signal;

teedback logic configured to generate feedback using the
selected feedback polynomial mask;

a shift register configured to provide, at an output of the
shift register, the selected spread-spectrum code signal
using the selected feedback polynomial mask, and con-
figured to receive feedback generated by the feedback
logic;

short cycle state logic, coupled to the output of the shiit
register, to detect a short cycle state within a bit sequence
of the selected spread-spectrum code signal provided by

the output of the shift register; and

a short cycle 1nitial state vector table, coupled to the shift
register, configured to provide a short cycle initial state
to the shift register in response to detection of the short
cycle state by the short cycle state logic.

15. A method of generating a selected spread-spectrum
code signal of a plurality of spread-spectrum code signals,
comprising;

storing a plurality of feedback polynomial masks, wherein

cach feedback polynomial mask corresponds to a
respective spread spectrum code of a plurality of spread-
spectrum codes;

selecting a respective one of the plurality of feedback poly-

nomial masks corresponding to the selected spread-
spectrum code signal;

repeatedly shifting a fixed-length sequence of bits; and

generating feedback for the fixed-length sequence of bits

using the selected teedback polynomial mask;

wherein repeatedly shifting the fixed-length sequence of

bits 1s performed in accordance with the feedback to
generate the selected spread-spectrum code signal,
which corresponds to the selected teedback polynomaal
mask, and

wherein generating the feedback comprises taking a bit-

wise XOR of bits in the fixed-length sequence of bits and
the feedback polynomial mask when an output bit of the
fixed-length sequence of bits equals 1.

16. The method of claim 15, wherein each feedback poly-
nomial mask comprises a binary representation of a feedback
polynomial corresponding to a respective one of the plurality
ol spread-spectrum codes.

17. The method of claim 16, wherein the fixed-length
sequence of bits has a number of bits greater than or equal to
a degree of a highest-degree feedback polynomial corre-
sponding to a respective spread-spectrum code of the plural-
ity of spread-spectrum codes.
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18. The method of claim 15, wherein generating the feed-
back comprises performing a bit-wise XOR combination of
bits 1n the fixed-length sequence of bits and the selected
teedback polynomial mask.

19. The method of claim 15, further comprising selecting
an 1nitial state for the fixed-length sequence of bits from an
initial state vector table.

20. The method of claim 15, further comprising detecting a
final state of the generated spread-spectrum code signal.

21. The method of claim 20, wherein detecting the final
state comprises determining that a count of output bits of the
fixed-length sequence of bits has reached a terminal count.

22. The method of claim 20, further comprising restarting
generation of the selected spread-spectrum code signal 1n
response to detecting the final state.

23. The method of claam 15, wherein the plurality of
spread-spectrum codes comprises a plurality of Gold codes.

24. The method of claim 15, wherein the plurality of
spread-spectrum codes comprises a plurality of global navi-
gation satellite system (GNSS) spread-spectrum codes 1n a
GNSS, respective codes of the plurality corresponding to
respective satellites 1 the GNSS.

25. A method of generating a selected spread-spectrum
code signal of a plurality of spread-spectrum code signals,
comprising:

storing a plurality of feedback polynomial masks, wherein

cach feedback polynomial mask corresponds to a
respective spread spectrum code of a plurality of spread-
spectrum codes;

selecting a respective one of the plurality of feedback poly-

nomial masks corresponding to the selected spread-
spectrum code signal;

repeatedly shifting a fixed-length sequence of bits;
generating feedback for the fixed-length sequence of bits
using the selected feedback polynomial mask, wherein
repeatedly shifting the fixed-length sequence of bits 1s
performed 1n accordance with the feedback to generate
the selected spread-spectrum code signal, which corre-
sponds to the selected feedback polynomial mask;

detecting a short cycle state within the generated spread-
spectrum code signal; and

in response to detecting the short cycle state, providing a

short cycle 1nitial state to the fixed-length sequence of
bits.

26. A method of generating a selected spread-spectrum
code signal of a plurality of spread-spectrum code signals,
comprising;

storing a plurality of feedback polynomial masks, wherein

cach feedback polynomial mask corresponds to a
respective spread spectrum code of a plurality of spread-
spectrum codes;

selecting a respective one of the plurality of feedback poly-

nomial masks corresponding to the selected spread-
spectrum code signal;

repeatedly shifting a fixed-length sequence of bits;

generating feedback for the fixed-length sequence of bits

using the selected feedback polynomial mask, wherein
repeatedly shifting the fixed-length sequence of bits 1s
performed 1n accordance with the feedback to generate
the selected spread-spectrum code signal, which corre-
sponds to the selected feedback polynomial mask, and
wherein the generated spread-spectrum code signal does
not naturally repeat;

determining a final state of selected spread-spectrum code

signal provided by repeatedly shifting the fixed-length
sequence of bits; and
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restarting the generation of the selected spread-spectrum
code signal after the selected spread-spectrum code sig-
nal reaches the final state.

27. An adjustable code generator configured to generate a
selected spread-spectrum code signal of a plurality of spread-
spectrum code signals, comprising;:

a feedback polynomial mask table stored 1n a non-transi-
tory computer readable storage medium and configured
to 1mclude a plurality of feedback polynomaial masks,
wherein each feedback polynomial mask corresponds to
respective spread-spectrum code of a plurality of spread-
spectrum codes;

an 1n1tial state vector table configured to include a plurality
initial state vectors, wherein each initial state vector
corresponds to a respective spread-spectrum code signal
and 1s for loading 1nto a shiftregister at the start of a code
generation period for the respective spread-spectrum
code signal;

control logic configured to select, 1n accordance with the
selected spread-spectrum code signal, a respective one
of the plurality of feedback polynomial masks in the
teedback polynomial mask table and a respective one of
the plurality of initial state vectors in the initial state
vector table to load 1nto the shift register;

teedback logic configured to generate feedback using the
selected feedback polynomial mask;

the shift register, coupled to the feedback logic and config-
ured to provide, at an output of the shiit register, the
selected spread-spectrum code signal using the selected
teedback polynomial mask and the selected 1nitial state
vector, and configured to recerve feedback generated by
the feedback logic; and

final state logic configured to determine a final state of the
selected spread-spectrum code signal provided by the
output of the shift register and to restart generation of the
selected spread-spectrum code signal atter the selected
spread-spectrum code signal reaches the final state.

28. The adjustable code generator of claim 27, wherein
cach feedback polynomial mask comprises a binary represen-
tation of a feedback polynomial corresponding to a respective
one of the plurality of spread-spectrum codes.

29. The adjustable code generator of claim 27, wherein the
final state logic 1s configured to detect that a count of bits 1n
the selected spread-spectrum code signal has reached a ter-
minal count.
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30. The adjustable code generator of claim 27, wherein the
selected spread-spectrum code signal provided by the output
of the shift register does not naturally repeat.

31. A method of generating a selected spread-spectrum
code signal of a plurality of spread-spectrum code signals,
comprising;

storing a plurality of feedback polynomial masks, wherein

cach feedback polynomial mask corresponds to a
respective spread-spectrum code of a plurality of spread-
spectrum codes;

storing a plurality of 1mitial state vectors, wherein each

initial state vector corresponds to a respective spread-
spectrum code signal;

selecting a respective one of the plurality of feedback poly-

nomial masks and a respective one of the mitial state
vectors 1n accordance with the selected spread-spectrum
code signal;

imitializing a fixed-length sequence of bits with the selected

initial state vector;

repeatedly shifting the fixed-length sequence of bits; and

generating feedback for the fixed-length sequence of bits

using the selected feedback polynomial mask;

wherein repeatedly shifting the fixed-length sequence of

bits 1s performed in accordance with the feedback to
generate the selected spread-spectrum code signal,
which corresponds to the selected feedback polynomial
mask and the selected 1nitial state vector:;

the method further including

determiming a final state of the selected spread-spectrum

code signal provided by the repeated shifting of the
fixed-length sequence of bits 1n accordance with the
feedback; and

upon determining the final state of the selected spread-

spectrum code signal, restarting generation of the
selected spread-spectrum code signal.

32. The method of claim 31, wherein each feedback poly-
nomial mask comprises a binary representation of a feedback
polynomial corresponding to a respective one of the plurality
ol spread-spectrum codes.

33. The method of claim 31, wherein determining the final
state comprises detecting that a count of bits 1n the selected
spread-spectrum code signal has reached a terminal count.

34. The method of claim 31, wherein the selected spread-
spectrum code signal does not naturally repeat.
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